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Abstract 
 
 The hydrogenases are metalloenzymes that catalyze transformations of 
dihydrogen.  Two hydrogenase classes, [FeFe] and [NiFe] catalyze the 
interconversion of dihydrogen to protons and electrons.  In order to facilitate 
electron transfer, these enzymes contain iron-sulfur clusters.  Synthetic models 
for both of these hydrogenases are thoroughly studied. More recently, a third 
class of hydrogenase, Hmd or alternatively [Fe]-hydrogenase, was discovered in 
methanogenic archaea.  This enzyme catalyzes the heterolysis of dihydrogen to 
a proton with hydride transfer to a carbocation and does not require iron-sulfur 
clusters. 
Early work on Hmd revealed the presence of iron, carbonyl ligands, and a 
2-pyridinol-6-acetic acid derivative.  We examined the metal coordination of a 
similar ligand, 4-methyl-2-hydroxypyridine-6-acetic acid (cmhpH2), on the 
simplified platforms of Cp*Ir and Cp*Rh.  We were able to show the cmhpH 
ligand chelates to the metal through the carboxylate oxygen and pyridine 
nitrogen.  The hydroxyl group exhibits strong intramolecular hydrogen-bonding 
and also stabilizes water binding with ionization of Cl- in water.  Hydrogen 
transfer reactions of secondary alcohols mediated by Cp*IrCl(cmhpH) were also 
examined.  Initial work with cmhpH2 complexes of iron resulted in insoluble 
products. 
The structure of Hmd was reported in late 2008 and revised in 2009.  The 
revised structure is a ferrous carbonyl fragment with appended thiolate, acyl and 
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2-pyridone/ 2-hydroxypyridine ligands.  The Fe-acyl and pyridinol derivatives are 
both novel to biological systems.  In an effort to confirm the structure reported for 
Hmd, we synthesized ferrous models containing the unique acyl ligand tethered 
to a donor ligand.  Although Hmd active site incorporates a nitrogen heterocycle, 
we found phosphine to be a suitable alternative. 
The addition of thioesters, derived from the reaction of 
o-diphenylphosphino benzoic acid with a multitude of thiols, to Fe(0) carbonyls 
resulted in oxidative addition of the thioester to give complexes of the type 
Fe(SR)(Ph2PC6H4CO)(CO)3 with a chelating phosphine acyl ligand.  These 
complexes readily lost CO to give a dimer of the type 
Fe2(SR)2(Ph2PC6H4CO)2(CO)3.  In two cases, where R=Et or 2,6-dimesitylphenyl, 
we were able to show phosphine binding, prior to oxidative addition, gave 
products of the formula Fe[PPh2(C6H4COSR)](CO)4.  With the bulky R = 
2,6-dimesitylphenyl thioester, the oxidative addition reaction was completely 
arrested. 
In the case of R = Ph, we were able to carbonylate the dimer to give the 
tricarbonyl monomer, which exhibited a similar IR spectrum to the CO inhibited 
form of Hmd.  The substitution reactions of this monomer with CN- and TsCH2NC 
were stereoselective, similar to the enzyme.  The CN- derivative was 
characterized by EXAFS, XANES, and IR spectroscopy and all demonstrated a 
remarkable similarity to CN- inhibited Hmd.  Protonation of the thiolate in Hmd 
has been proposed, and we examined protonation of the tricarbonyl monomer.  
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The product was unstable even at -30 ºC and the IR spectrum was found to differ 
greatly from the Hmd active site. 
A similar method to the oxidative addition of thioesters was attempted in 
the addition of o-(diphenylphosphino)benzaldehyde to Fe(0) carbonyls.  Although 
an acyl hydride intermediate was detected, the isolated product is a result of C-C 
coupling of two aldehyde carbons to give a tetradentate bisphosphine-bisalkoxide 
ligand bound to a ferrous dicarbonyl fragment.  A similar coupling reaction has 
been reported, but our method is superior in terms of cost and yields.  The 
Fe(P2O2)(CO)2 complex reacts with (ferrocenium)BF4 to give a 50% conversion 
to a complex with BF3 bound to each alkoxide.  The mechanism for this reaction 
is proposed to involve an iron mediated F- abstraction from BF4
-.  The binding of 
Lewis acids to the alkoxides was found to be general.  Addition of water to a THF 
solution of the bis-BF3 complex resulted in loss of the P2O2 ligand as a diol.  The 
novel diphosphine diol was isolated in analytical purity. 
Hydrogen transfer reactions mediated by 2-pyridone (2hpH) complexes 
are potentially relevant to the mechanism by which Hmd heterolytically cleaves 
dihydrogen.  The complex Cp*IrCl(2hp) was reported to be an excellent 
precatalyst for direct dehydrogenation of secondary alcohols.  We found this 
complex reacted with secondary alcohols or dihydrogen to give a transient 
complex (Cp*IrHCl(2hpH)), followed by formation of a 2hp bridged dimer of the 
formula [Cp*IrH)2(2hp)]
+.  This dimer was found to be a resting state of catalysis 
and not the active catalyst.  In the presence of Cl-, the dimer dissociates into 
monomers that are highly active for dehydrogenation of secondary alcohols.  
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An exploratory project of TsDPENH complexes of d8 metals, where 
TsDPENH = S,S-TsNHCHPhCHPhNH2, was also performed.  There are many 
reports of metal TsDPEN complexes for hydrogen transfer, but all complexes 
reported are pseudo-octahedral.  We report new square planar Pt(II), Pd(II), 
Rh(I), and Ir(I) complexes containing the TsDPEN ligand which display good 
thermal- and air-stability.   
The addition of two equivalents of TsDPEN to Pt precursors afforded two 
products, assigned as the cis- and trans-isomers, that do not interconvert in 
solution.  The similar addition of two equivalents of TsDPEN to Pd precursors 
gave only the trans-amide complex, which was structurally characterized.  The 1H 
NMR spectrum of Pd(TsDPEN)2 matched the 
1H NMR spectrum of the major 
product of the Pt(TsDPEN)2 complex well.  An (allyl)Pd(TsDPEN) complex 
exhibits interesting isomerization.  The solid state characterization shows only 
one form, but in solution allyl rotation occurs to give two detectable isomers.  This 
demonstrates the assymetric environment provided by the Pd(TsDPEN) 
fragment.  
In all TsDPEN complexes we report, the 1H NMR spectra confirm the 
diaxial phenyl orientation of the TsDPEN ligand, but equatorial orientation can be 
effected by addition of a hydrogen-bond acceptor such as acetone.  This 
interaction was confirmed by the solid state structure of the Pd(TsDPEN)2 
complex. 
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Chapter 1 
Transition Metal-Mediated Reactions of Thioesters 
 
Introduction 
 In this thesis a significant effort is dedicated to metal-thioester interactions.  
This area of coordination chemistry has not been heavily studied, and for this 
reason, this overview is provided.  In general, thioester-metal interactions have 
been examined in three contexts, simulation of metalloenzymatic reactions 
involving thioesters, synthesis of thioesters, and the use of thioesters as 
acylating agents in organic synthesis.  These themes are surveyed in this 
introductory chapter.  Additionally, less targeted, exploratory work on metal-
thioester compounds has been investigated, and the relevant background is 
provided in the introductions to chapters 2 and 3.   
Thioesters represent hydrolytically stable acylating agents that can be 
prepared from virtually all carboxylic acids.1-4  The important role of coenzyme A 
in biosynthesis has encouraged much work on biomimetic processes that 
incorporate thioesters,5 which for the most part operate without the participation 
of metal ions.6  Multiple metalloenzymes have been discovered to be integral to 
the biosynthesis and biodegradation of thioesters, and their study offers a rich 
source for thioester-metal interactions.  Herein we present a review of thioester 
reactions for models of the metalloenzymes acetyl-coenzyme A synthase and 
glyoxalase II. 
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Thioester-metal interactions have also been investigated in organic 
synthesis from several perspectives.7  A major area of study is the metal-
catalyzed use of thioesters as acylating agents. The difficulty in these 
transformations is the high affinity of catalytically active metals to the thiolate 
products that inhibit further turnovers.  Studies on biological systems define three 
methods to activate otherwise stable metal-thiolate bonds. Zinc(II) has an affinity 
for thiolate second only to copper(II)8 and can act as a stoichiometric acceptor of 
thiolate in vivo.9  Second, S-alkylation considerably weakens the metal-sulfur 
bond.10  Third, metal-disulfide interactions are considerably weaker than metal-
thiolate interactions,11 and several biological systems mobilize metals by 
oxidation of thiolate ligands to disulfides.12-15 Some transition metal-catalyzed 
organic transformations that utilize principals inspired by biology, and might be 
utilized more generally are also discussed. 
 
Ni Complexes Related to Acetyl-Coenzyme A Synthase Activity 
Acetyl-coenzyme A synthase (ACS) is a metalloenzyme found in 
acetogenic, methanogenic, and sulfate-reducing bacteria.9,10  The enzyme 
assembles/disassembles acetyl-CoA from CO, CoA (a thiol), and a methyl unit 
transferred from methylcobal(III)amin.16,17  ACS contains a Ni-Fe-S core 
(Figure 1.1) that catalyzes the reversible acetyl-CoA assembly that enables 
acetogens to grow on one-carbon substrates and methanogens to utilize acetate 
as a substrate for methane production.18  Detailed understanding of this process 
is relevant to the global carbon cycle and understanding the archaea one-carbon 
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transformations.9  From an organometallic standpoint, this enzyme is interesting 
due to the proposed intermediates featuring Ni-CO, Ni-CH3, and NiC(O)CH3 
moieties.19,20 
 
Figure 1.1.  Schematic representation of the A cluster with X = a non-protein 
ligand. 
 
 The structure of the Ni-Fe-S cluster of ACS has been elucidated by 
crystallographic analysis of proteins obtained from multiple sources 
(Figure 1.1).21-23  The active site features an Fe4S4 cluster bridged via cysteinyl 
sulfur to a dinickel subunit.  The Fe4S4 cluster is believed to serve solely as an 
electron relay to the NipNid cluster.  The Nip (proximal to Fe4S4) center is ligated 
to 3 bridging Cys residues. The Nid (distal to Fe4S4) center is square planar, with 
coordination by the two thiolates and two amido groups provided by the 
CysGlyCys residues.  Common mechanistic scenarios24,25 and synthetic model 
complexes presented herein suggest substrate binding and transformations 
occur at the Nip site.  An overview for the proposed ACS-catalyzed process is 
shown in Scheme 1.1.26  
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Scheme 1.1.  Overview of ACS-catalyzed transformation with Ni(0) mechanism 
shown. 
 
Early modeling work with monomeric nickel complexes [Ni(NS3
R)L]+ 
derived from the tripodal ligand NS3
R = N(CH2CH2SR)3 (R = i-Pr, t-Bu) was 
reported by Holm and coworkers.27  These models were the first to allow stable 
isolation of Ni-Me species which then inserted CO to give stable acyl complexes 
(Figure 1.2).  The thioether ligands were inert to further reaction, but addition of 
thiol to the acyl complexes resulted in formation of thioester with loss of 
protonated NS3
R ligands and formation of a black solid attributed to Ni(0).  These 
results were the first to mimic the overall transformation of ACS and suggested a 
single Ni center could catalyze the entire transformation. 
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Figure 1.2.  Thioester synthesis from Ni-Me followed by CO insertion and 
addition of thiol. 
 
Second generation models for ACS developed by Holm integrated methyl 
and thiolate ligands onto monomeric Ni complexes of bpy, where bpy = 
2,2‘-bipyridyl.28  The Ni(bpy)Me2 reacted with aryl thiols to give isolatable 
Ni(bpy)Me(SR) complexes.  The Me-Ni bond readily underwent CO insertion to 
give the acyl thiolate complexes, that could be isolated, but readily underwent 
reductive elimination to give free thioesters and a Ni(bpy)(CO)2 complex. 
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A recently popularized method for the synthesis of dinickel complexes has 
been through the use of several Ni(N2S2) complexes (Figure 1.3) that act as 
bridging thiolate ligands to another nickel by one29 or both30-32 thiolates.  The 
Ni(N2S2) unit has been utilized as a neutral and dianionic ligand.  One potential 
problem with complexes of this type is the acylation of a bridging thiolate which 
has been reported by Riordan et al.29 
 
 
Figure 1.3.  Examples of Ni(N2S2) complexes used to generate dinuclear 
complexes through bridging thiolate ligands. 
 
Our group31 and Tatsumi‘s32 have described dinickel models formed by 
the reaction of a Ni(N2S2) complex with Ni(cod)2.  In one case, the unstable 
Ni(II)Ni(0) complex was found to react with methylcobaloxime 
Co(dmgBF2)2(Me)(Py) and the thiolate KSDmp, where Dmp = 2,6-
dimesitylphenyl, to give a methylnickel thiolate species (Figure 1.4).32  It is 
proposed that in the enzyme an oxidative addition of Me+ is provided by 
methylcobalamin to a Nid(II)Nip(0) site resulting in a Nid(II)Nip(II)-Me species.  
Under 1 atm of CO, the methyl nickel thiolate species reductively eliminated the 
acetylthioester (CH3C(O)SDmp) in good yield.  The conversion is stoichiometric 
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due to the fact that CO poisons Ni products.  A general consensus from modeling 
work is that the CO addition at the ACS active cluster must be highly regulated to 
avoid similar inactivation products. 
 
Figure 1.4.  Binuclear Ni-methyl complex generated through a biomimetic 
synthesis and insertion of CO followed by reductive elimination of thioester to 
give a CO inactivated product. 
 
In view of the potential role of Ni(0) in ACS catalysis, the oxidative addition 
of thioesters (CH3C(O)SPh, CH3C(O)SC6F5) to Ni(0) reagents was reported by 
Riordan and coworkers to give the corresponding alkylnickel(II) thiolates(Scheme 
1.2).19  Electron-rich phosphines combined with C6F5-derived thioesters 
facilitated the highest conversions.  Low temperature reactions gave metastable 
acylnickel thiolates consistent with oxidative addition followed by decarbonylation 
to the stable alkylnickel thiolates.  They proposed the oxidative addition of 
thioester to Ni(0) might also play a role in the repair of acetylated cysteine at the 
ACS cluster.19 
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Scheme 1.2. 
 
 
Glyoxalase Enzyme Models for Thioester Hydrolysis 
 
 The diversity of the role of thioester-metal interactions is exemplified by 
the enzyme glyoxylase II (GLX2) which catalyzes hydrolysis of a 
2-hydroxythioester to 2-hydroxy acid and free glutathione (eq 1.1).33-38  This 
reaction is part of the overall glyoxylase pathway for the degradation of methyl 
glyoxal (CH3C(O)CHO), a byproduct of lipid and carbohydrate metabolism, that is 
cytotoxic and mutagenic.39-42  GLX2 has been crystallographically characterized 
from several sources, and in each case displays similar metal coordination 
consisting of a bimetallic iron/zinc cluster (Figure 1.5).  On the basis of 
spectroscopic studies and metal analyses, GLX2 has been found with the 
following cores: Fe(III)Zn(II), Fe(II)Zn(II), Fe(III)Fe(II), Zn(II)Zn(II), Fe-(II)Fe(II), 
and Mn(II)Mn(II).43-45  Crowder and co-workers recently reported that human 
GLX2 features a Fe(II)Zn(II) center but is catalytically active as a mononuclear 
zinc enzyme.46 
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Figure 1.5.  Active site structural features for crystallographically characterized 
GLX2. 
 
Studies of thioester hydrolysis promoted by a metal complex have been 
reported by Berreau and coworkers.47-49  Their initial finding was that a symmetric 
dizinc complex of 2,6-bis[(bis(2-pyridylmethyl)amino)methyl]-4-methylphenol 
(L1H), [(L1Zn2)(μ-OH)](ClO4)2 was unreactive toward hydrolysis of 
hydroxyphenylthioacetic acid S-methyl ester.  This result was attributed to the 
poor nucleophilicity of the bridging hydroxide.  They speculate that this system is 
further deactivated by the matching coordination at each zinc, which inhibits 
formation of a terminal hydroxide. 
Binuclear zinc hydroxide complexes of N-methyl-N-((6-neopentylamino-2-
pyridyl)methyl)-N-((2-pyridyl)methyl)amine (L2H) and N-methyl-N-((6-
neopentylamino-2-pyridyl)methyl)-N-((2-pyridyl)ethyl)amine (L3H), abbreviated 
[(L2Zn)2(μ-OH)2](ClO4)2 and [(L3Zn)2(μ-OH)2](ClO4)2, were found to behave as 
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1:1 electrolytes in MeCN solution.  This finding suggests that the binuclear 
complexes dissociate into monometallic fragments.  Treatment of either complex 
with an equivalent of hydroxyphenylthioacetic acid S-methyl ester per zinc 
resulted in the formation of two equivalents of a monomeric Zn-α-
hydroxycarboxylate complex, [(L2 or L3)Zn(O2CCH(OH)Ph)](ClO4) and two 
equivalents of CH3SH.  These results suggest the potential role of a terminal 
hydroxide in the thioester hydrolysis step. 
 
 
Figure 1.6.  Structure of  [(L4Fe(III)Zn(II)(μ-O2C2H3)2](ClO4) and the aqua 
complexes formed at different pH levels for a 1:1, MeCN:H2O solution. 
 
The Fe(III)Zn(II) complex of 2-{[bis(2-pyridylmethyl)amino]methyl}-6-[{[2-
hydroxyphenyl)methyl]-(2-pyridylmethyl)amino}methyl]-4-methylphenol (L4H2), 
[(L4Fe(III)Zn(II)(μ-O2C2H3)2]ClO4, was found to have a geometry remarkably 
similar to the proposed active site of GLX2 (Figure 1.6).  This complex was active 
for the catalytic hydrolysis of hydroxyphenyl thioacetic acid S-methyl(d3) ester 
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(PhCH(OH)C(O)SCD3).  The deuterium labeled compound was utilized for simple 
analysis of products by 2H NMR spectroscopy.  Background observed rate 
constants for thioester hydrolysis in 1:1, MeCN:H2O were pH-dependent,  
ranging from 5.7 x 10-8 s-1 at  pH = 7 to 1.1(1) x 10-6 s-1 at  pH = 9.  In the 
presence of 2.5 equivalents of [(L4Fe(III)Zn(II)(μ-O2C2H3)2](ClO4), the hydrolysis 
of the thioester was accelerated by up to 1000x.  Under condition of 2-fold 
excess thioester to metal complex, hydrolysis was found to proceed to 
completion, suggesting catalysis.   
The pH-dependent reaction results in a maximal rate enhancement above 
the pKa of the Zn(OH2) moiety (pH > 8.3) (Figure 1.6).  The proposed mechanism 
involves initial formation of a zinc alkoxide via deprotonation of the 
α-hydroxythioester50,51 followed by Fe-OH attack at the thioester carbonyl to give 
the mandelate anion and CD3S
-.  This mechanism is different than the 
mechanism proposed for a mononuclear Zn complex in Figure 1.7.  The 
mandelate product does not significantly interact with the Fe(III)Zn(II) complex.  
The CD3S
-
 product is either protonated to give CD3SH (pKa ~9.7) or undergoes a 
proposed Fe(III) to Fe(II) mediated disulfide (D3CSSCD3) formation via a Fe(III)-
SCD3 species.
52,53 
With the recent report that human GLX2  is catalytically active as a 
mononuclear zinc enzyme,45 a mononuclear Zn complex, [(bpta)Zn](ClO4)2 where 
bpta = N,N-bis(2-pyridylmethyl)-tert-butylamine, was examined as a catalyst for 
thioester hydrolysis.  Under identical conditions described above for the 
Fe(III)Zn(II) complex at pH = 9, the mononuclear Zn complex is > 17-fold slower 
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for thioester hydrolysis.  In this reaction, no disulfide product is detected, but a 
Zn-SCD3 complex is formed in equilibrium with HSCD3.  The kinetic data for 
thioester hydrolysis promoted by [(bpta)Zn](ClO4)2 revealed that the reaction is 
second order overall.  An associative type mechanism that likely involves 
nucleophilic attack of the Zn-OH moiety on the thioester was proposed (Figure 
1.7).   The difference in mechanism between the Fe(III)Zn(II) and Zn(II) is 
explained by the difference in basicity of the Zn-OH.  In the Zn(II) complex there 
is no evidence for deprotonation of the thioester α–hydroxyl group. 
 
Figure 1.7.  Different mechanisms for hydrolysis of PhCH(OH)C(O)SCD3 in a 
Fe(III)Zn(II) complex and a mononuclear Zn(II) complex. 
 
Biologically Inspired Thioesters Conversions 
Thioester-metal interactions have been investigated in organic synthesis 
from several perspectives.7  The area is too broad to discuss in entirety, but 
some basic principles from biology might be integrated generally to catalysis 
when the desired products include formation of a thiol.  A few methods to 
decrease metal-thiolate interactions, and increase catalytic turnover are 
discussed below. 
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One of the most insightful themes come from the efforts of Liebeskind et 
al. who have examined Pd catalyzed thioester-boronic acid cross-coupling.54  
They used 4-halo-n-butyl thioesters to achieve alkylative conversion of the stable 
palladium–thiolate bond to a labile palladium–thioether bond (Scheme 1.3).  The 
coupling reactions requires trans-di(μ-acetato)-bis[o-(di-o-tolylphosphino)benzyl]-
dipalladium(II), NaI, and K2CO3.  Using this mixture, various boronic acids cross-
couple with thioesters to give ketones in good to excellent yields.  Electron-rich 
boron reagents, R‘ = 3-methoxyphenyl, resulted in lower yields. 
Tetrahydrothiophene was detected by GC/MS, which supports the hypothesis of 
sulfur scavenging by alkylative displacement. Yields for this conversion were 
much higher than those achieved for similar Pd-catalyzed coupling of boronic 
acid with thioesters lacking the ability to S-alkylate.55,56 
Scheme 1.3.  Thioester cross-coupling with proposed Pd-thiolate and S-
alkylation intermediate. 
 
 A similar Pd catalyzed thioester-boronic acid cross-coupling was achieved 
under nonbasic conditions utilizing a stoichiometric excess of a thiophilic metal to 
accept the thiolate ligand (Figure 1.8).57  Using a precatalyst mixture consisting of 
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Pd2(dba)3 and tris(2-furyl)phosphine, a variety of thioesters and boronic acid 
were coupled in the presence of Cu(I) thiophene-2-carboxylate (CuTC) as the 
thiolate acceptor.  
 
Figure 1.8.  Thioester-boronic acid coupling 
The choice of thiolate acceptor was critical to the reaction.  Reactions with 
CuTC resulted in high conversion, but Cu(I) halides, CuCN, and Zn(II) 
carboxylates resulted in low conversion.  A mechanism involving Cu(I) interaction 
with the thioester prior to oxidative addition at Pd(0) is proposed (Scheme 1.4).  
The best evidence for this interaction is the suppression of reactivity of CuTC 
toward naphthalene-2-boronic acid in the presence of 1 equiv of thioester.   
Scheme 1.4. 
 
The mild reaction condition for these conversions allowed for direct 
preparation of a chloromethyl ketone, R1 = ClCH2, R
2 = 2-naphthyl in 57% 
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isolated yield.  Trifluoromethyl ketones were also isolated with R1 = CF3, and R
2 
= m-NO2Ph (63%), (E)-β-styryl (93%). 
This use of thioesters as acyl building blocks is similar to the use of 
thioesters in acetyl coenzyme A, which operates under protic conditions in the 
presence of oxygen- and nitrogen-based functionalities.58  S-Acylthioglycolic 
acids have shown utility for metal-induced acyl transfer using Zn(II) to activate 
the thioester (Scheme 1.5).59  With this procedure, a variety of esters (primary 
and secondary) have been prepared in good yields.  This process requires a 
pendent carboxylate for internal activation of the thioester from a proposed metal 
carboxylate intermediate(Scheme 1.5).  Enantiomerically pure alcohols could be 
used to obtained the corresponding esters without racemization, e.g. (1R,2S,5R)-
menthol. 
Scheme 1.5. 
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Conclusions 
Models for coenzyme A synthase have shown it is possible to synthesize 
thioesters from the basic building blocks of a Ni-Me, CO, and a thiol.  These 
transformations have been reported for both mononuclear and binuclear Ni 
complexes and suggest the transformations occur at a single nickel site in the 
enzyme. 
The transition metal-catalyzed transformations of thioesters (or other C-S 
bonds) in general results in formation of intermediates containing a strong metal-
thiolate bond.  This strong interaction can be weakened by conversion to 
thioether derivatives or in the presence of an appropriate thiolate acceptor.  
Oxidative addition of thioesters to Ni(0) complexes also resulted in 
formation of a nickel acyl thiolate.19  A similar method has been utilized in 
chapters 2 and 3 with Fe(0) to install acyl and thiolate ligands to Fe(II)  in a single 
step.  By attaching a phosphine to the thioester, we will show high yields of the 
oxidative addition product are attained.  These products are then compared to 
the active site of Hmd hydrogenase (Chapter 3).  In a related methodology, we 
also examined oxidative addition of phosphine derivatized aldehydes to Fe(0) 
with a plan to install the thiolate in a second step (Chapter 7). 
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Chapter 2 
Synthesis and Oxidative Addition of Thioesters to Iron(0) 
 
Introduction 
With the recent discovery of an acyl thiolate Fe cofactor involved in a 
central step in the archaeal methanogenic cycle,1 we have become interested in 
synthetic methods to install thiolate and acyl ligands to transition metals.  One 
synthetic method that seemed viable and simple is the installation of both ligand 
sets in a single step through the oxidative addition of  thioesters to low oxidation 
state transition metals, specifically Fe(0) carbonyls.  Results in this area would 
incorporate C-S bond fission and also be of possible interest in the area of 
hydrodesulfurization.2  
The interaction of simple thioesters with Fe(0) carbonyls has been 
examined by Seyferth and coworkers.  They prepared a series of diiron acyl 
thiolates via the formal oxidative addition of alkyl and arythioesters to Fe2(CO)9 
and Fe3(CO)12 (eq 1).
3  The results presented in this chapter suggests that these 
diiron compounds arise via the intermediacy of mono-iron acylthiolates.  The best 
isolated yields of Seyferth‘s method were also modest (17 % with S-ethyl 
thiobenzoate).  
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The oxidative addition of thioesters has also been described by Shaver 
and coworkers for complexes of Rh(I)4 utilizing a chelate assisted method.  In 
these reactions, 8-quinoline thioester derivatives C9H6N-8-C(O)SR (R = n-Bu, 
CHMe2, CH2Ph, Ph, p-C6H4CH3) were found to react with Rh(PPh3)3Cl to give 
thiolato-bridged dimers as a result of C-S bond cleavage (Scheme 2.1).  In these 
reactions, the products contained one thiolate and one acyl ligand per Rh with 
isolated yields greater than 80%.  Shaver et al.assumed the oxidative addition 
was preceeded by the intial binding of the quinoline nitrogen, but no evidence 
was presented for products prior to the cleavage of the C-S bond. 
 
Scheme 2.1.  Proposed sequence for the oxidative addition of 8-quinoline 
thioesters to Rh(I) 
 The reactions of α,β-unsaturated thioesters with Pt(0)5 were reported with 
the isolation of intermediates prior to C-S bond cleavage.  Addition of the α,β-
unsaturated thioester to Pt(PPh3)2(C2H4) quickly resulted in formation of a π-
complex.  At longer reaction times, an equilibrium was reached between this 
complex and the C-S activated Pt(PPh3)2(acyl)(thiolate) complex that also lost 
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PPh3 to form a thiolate-bridged dimer (Scheme 2.2).  Intramolecular attack of the 
C-S bond by the π-bound Pt(PPh3)2 is proposed via a S-bound intermediate.  
This intermediate was supported by the finding that the kinetic product of 
oxidative addition has cis phosphines.  This cis complex was observed to 
quantitatively isomerize to the trans product.  Additionally, bulky substituents at 
the α position significantly slow the C-S bond cleavage, but similar derivatives at 
the β position have little affect on C-S cleavage rates.. 
 
Scheme 2.2.  α,β-unsaturated thioester addition to Pt(PPh3)2(C2H4) 
 
 
Because our targets were Fe acyl thiolates in a 1:1:1 ratio , we decided to 
combine the preparative routes of Seyferth with the idea of chelate-assisted 
oxidative addition.  Herein we describe the synthesis of several thioester 
derivatives based on a Ph2P(o-C6H4C(O)SR) platform, where R = alkyl or aryl, 
and their reactions with Fe(0) carbonyls. 
 
Results and Discussion 
Phosphine Thioesters.  Thioester phosphines containing a variety of aryl 
and alkylthio substituents can be prepared via carbodiimide coupling in good to 
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excellent yields (eq 2.1).6  Although DMAP, 4-Me2NC5H4N,  was utilized in early 
preparations, we found that the addition of DMAP, which is typically required for 
efficient thioester conversion via DCC coupled carboxylic acids and thiols, was 
unnecessary and did not improve yields.  This finding may suggest that the 
phosphine can act as a nucleophilic catalyst for this reaction.  The new 
compounds are air-stable pale yellow to colorless crystalline solids that display a 
singlet in the 31P NMR spectrum in the δ-4 to -10 range.  Such thioesters have 
been previously investigated as peptide coupling reagents (Ph2PC6H4C(O)SEt).
7  
Isomeric thioesters of the type Ph2PC6H4SC(O)R are also known.
8   
 
 
 
Fe(II)-Acyl Thiolates.  We found that several of the phosphine thioesters 
afforded iron(II) acyl thiolato derivatives.  A useful iron(0) source was 
Fe(bda)(CO)3 (bda = benzylideneacetone), but Fe2(CO)9 was also effective.   The 
simple thioester Ph2P-o-C6H4C(O)SPh gave the cleanest and highest yielding 
reaction.   
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Treatment of a hot THF suspension of Fe2(CO)9 with Ph2P-o-
C6H4C(O)SPh (eq 2.3) was found to give a dark brown product with complex IR 
and 31P NMR signatures.  Single crystals were grown from this apparent mixture 
and gave a simple 31P NMR spectrum (Figure 2.1) indicating a pair of 
nonequivalent phosphine ligands.  Over the course of several hours at room 
temperature, this initial species was found to isomerize into the other species 
(Figure 2.2).  This pattern is understandable in light of the crystallographically 
determined structure of the product Fe2(SPh)2[Ph2PC6H4C(O)]2(CO)3 (1) (Figure 
2.3).  The molecule adopts a relatively complex structure that can be related to 
the well-known and well studied diiron dithiolato carbonyls, e.g. Fe2(SPh)2(CO)6.
9  
Whereas compounds of the type Fe2(SR)2(CO)6 feature a pair of Fe
IL3 centers, 1 
features a pair of FeIIL3X centers.  Two acyl-phosphine ligands are chelating, one 
on each Fe, and one acyl group is bridging.  
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Figure 2.1.  31P NMR spectrum of Fe2(SPh)2[Ph2PC6H4C(O)]2(CO)3 (1) in CD2Cl2 
solution, prepared by dissolving single crystals and recording the spectrum within 
20 min. 
 
 
Figure 2.2.  31P NMR spectrum of an equilibrated CD2Cl2 solution of 
Fe2(SPh)2[Ph2PC6H4C(O)]2(CO)3 (1), recorded after ~48 hours at room 
temperature.  
 
ppm (f1)
050100
ppm (f1)
65.070.075.080.0
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Figure 2.3.  Molecular structure of 1 drawn with 35% probability ellipsoids with 
Fe, green; P, purple; O, red; S, yellow; C, black.  Hydrogen atoms are omitted for 
clarity with the PPh2 and SPh phenyl groups drawn as wires.  Selected distances 
(Å): Fe1-C1, 1.760(3); Fe1-C2, 1.828(3); Fe1-C3, 1.963(3); Fe1-P1, 2.2115(8); 
Fe1-S2, 2.3258(8); Fe1-S1, 2.3581(8); Fe2-C34, 1.748(3); Fe2-C35, 1.937(3); 
Fe2-O3, 2.0104(18); Fe2-P2, 2.2094(8); Fe2-S1, 2.3102(8); Fe2-S2, 2.3972(8). 
 
 
In light of the structure of 1, which crystallizes as a single isomer, the 
solution isomerization can be explained by the reorientation of the phenyl rings 
on the bridging thiolate ligands (Scheme 2.3).  The isomerization of bridging 
thiolates in diiron complexes was previously reported by King.10  The crystallized 
form of 1 contains one axial and one equatorial phenyl ring.  This diiron complex 
has no symmetry.  A second isomer is possible where the axial and equatorial 
oriented rings are reversed.  There is likely a species with two equatorial phenyl 
rings. The IR spectrum of 1 freshly dissolved in CH2Cl2 (Figure 2.4) does not 
change noticeably over time which shows the orientation of the thiolate phenyl 
rings has little effect on the electronic properties of the Fe centers. 
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Scheme 2.3.  Different orientations of the thiolate phenyl rings looking down the 
Fe-Fe bond of 1.  The O is from the bridging acyl ligand and in this view the 
phosphines would be bound on the left side of Fe.  The far left isomer is 
predominant in solution and the crystallized form. 
 
 
 
 
 
 
Figure 2.4.  IR spectrum of 1 in CH2Cl2 solution. 
 
Alkyl thioesters derived from EtSH and tBuSH gave diiron compounds 
spectroscopically similar to the PhS derivative, and other aryl thioesters 
(Ar=C6H4-2-OMe, 2,4,6-
iPr3C6H2) also gave derivatives of the type 
Fe2(SAr)2(Ph2PC6H4CO)2(CO)3, but these yields were lower due to the formation 
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of othe unidentified products.  Using an extremely bulky arylthioester, we were 
able to arrest the oxidative addition.  Thus, treatment of Fe2(CO)9 with 
Ph2PC6H4C(O)SC6H4-2,6-(Ar*)2 (Ar*=2,4,6-trimethylphenyl) gave the 
monophosphine adduct of Fe(CO)4 (eq 2.4).  The IR spectrum of this product 
(Figure 2.5) matches that for known derivatives of the type Fe(CO)4(PR3).
11 
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Figure 2.5.  IR spectrum of Fe(Ph2PC6H4C(O)SC6H4-2,6-(Ar*)2(CO)4  (Ar* = 
2,4,6-trimethylphenyl) in THF.  υCO (cm
-1):  2049, 1972, 1951, 1933 
 
 
While we could not find conditions to effect C-S bond fission in the isolated 
Fe(Ph2P-o-C6H4C(O)SC6H4-2,6-(Ar*)2(CO)4  (Ar* = 2,4,6-trimethylphenyl) to 
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prove chelate assisted oxidative addition, we were able to demonstrate the  initial 
binding of phosphine to give a  stable Fe(CO)4 phosphine complex in the case of 
Ph2P-o-C6H4C(O)SEt.  The solution IR spectroscopy was again typical for a 
complex of the type Fe(CO)4(PR3) (Figure 2.6).
11  Heating a solution of 
Fe(CO)4(Ph2P-o-C6H4C(O)SEt) in THF resulted in complete conversion to a 
diiron complex similar to 1 with bridging SEt‘s instead of SPh‘s (Scheme 2.4).  
The solution IR spectroscopy for this complex closely matches the pattern for 1 
(Figure 2.7). 
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Figure 2.6.  IR spectrum of Fe(Ph2P-C6H4-C(O)SEt)(CO)4 in CH2Cl2.  υCO (cm
-1):  
2049, 1972, 1935 
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Scheme 2.4.   
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Figure 2.7.  IR spectrum of Fe2(SEt)2(PCO)2(CO)3 in CH2Cl2.  υCO (cm
-1): 2012, 
1960, 1916 (SPh derivative IR υCO (cm
-1): 2021, 1973, 1934) 
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In the case of the reaction of Fe(bda)(CO)3 with Ph2P-o-C6H4C(O)S(2,4,6-
iPr3C6H2), two additional products were assigned as two isomers of 
Fe(Ph2PC6H4C(O))2(CO)2 in a 2:1 ratio (Scheme 2.5).  The major complex 
features a 31P NMR spectrum with 2 doublets at 67 and 57 (Figure 2.8), and CO 
bands in the IR spectrum at 1993 and 1926 cm-1(Figure 2.9).  The minor product 
has additional symmetry and gives only a single 31P NMR signal at 60 ppm 
(Figure 2.8) with CO bands at 1973 and 1909 cm-1(Figure 2.9).  Heating the 
complexes in refluxing benzene for 16 hours did not change the ratio of the 
isomers.  The symmetric product has two potential structures with cis CO‘s both 
trans to acyl or both trans to phosphine. 
 
 
 
Scheme 2.5.  Minor products isolated from thioester addition to Fe(0) carbonyls 
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Figure 2.8.  31P NMR spectrum of Fe(Ph2P-C6H4-CO)2 –cis-(CO)2 in CD2Cl2 
solution. asymmetric product: 67.1, 56.8 doublet, 3JPP = 146 Hz symmetric 
product: 60.2, singlet. 
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Figure 2.9.  IR spectrum of Fe(Ph2P-C6H4-CO)2 –cis-(CO)2 in benzene. υCO (cm
-
1) asymmetric product:1993, 1926 υCO (cm
-1) symmetric product: 1974, 1909.  
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To gain some information on how the bis-acyl complexes were formed, we 
treated complex 1 with additional Ph2PC6H4-2-C(O)SPh.  No reaction occurred at 
room temperature.  The mixture was heated to reflux in toluene for hours and the 
diacyl Fe(Ph2PC6H4CO)2(CO)2 products were detected by IR spectroscopy.  Gas 
chromatographic analysis of the product mixture confirmed the formation of 
Ph2S2.  The reaction conditions also result in degradation of the starting material, 
but the products can be isolated in low yield after purification by silica gel 
chromatography.  Thioester addition to the monomeric tricarbonyl 
Fe(Ph2PC6H4CO)(SPh) (CO)3  (see Chapter 3) at room temperature gave no 
reaction. 
Thioester Derivatives of Nitrogen-based Heterocycles.  We  also 
examined reaction of thioester-functionalized N-heterocycles with Fe(0) reagents.  
The thiophenol esters of quinoline-8-carboxylic acid and 2-hydroxy-4-methyl-
pyridine-6-acetic acid were synthesized by the carbodiimide coupling method 
used for the phosphine based thioesters (eq 2.5). 
 
 Both derivatives were reactive toward Fe2(CO)9 and Fe(bda)(CO)3 to give 
products with υCO shifts similar to 1, but the overall intensity of each CO band is 
quite different (Figure 2.10).  The products do not feature any acyl bands in the 
IR spectrum, and the products for both reactions were found to be the well known 
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Fe2(SPh)2(CO)6.  Under the conditions (60 ºC) necessary for reasonable 
conversions, the nitrogen heterocycles apparently do not bind as robustly as the 
phosphine derivatives.  We found Fe2(SPh)2(CO)6 was also formed by the 
reaction of the simple thioester S-phenyl thioacetate with Fe(bda)(CO)3 at 60 ºC. 
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Figure 2.10.  The IR spectrum of Fe2(SPh)2(CO)6 (red) with υCO = 2075, 2039. 
2001 cm-1 and 1 (black) with υCO = 2075, 2026, 2002 show similar shifts but 
different intensities for each CO band 
 
In an effort to effect C-S cleavage at mild conditions, specifically for 
utilization with the nitrogen heterocycle derivatives, we synthesized the highly 
labile complex Fe(CO)3(C8H14)2.
12  Spectroscopic analysis of its reaction with 
Ph2PC6H4-2-C(O)SPh indicated displacement of only one cyclooctene (coe) 
ligand to give a monophosphine adduct that did not react further upon mild 
heating.12  The reluctance of this species to undergo oxidative addition is 
attributed to strong binding of the remaining coe ligand. 
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Conclusions 
Thioester derivatives of 2-diphenylphosphinobenzoic acid are versatile 
multifunctional reagents that enable easy access to phosphine-stabilized metal 
acyl thiolato carbonyls.  The PhS derivative was examined crystallographically to 
show the product is a dithiolate- and acyl-bridged diiron(II) derivative 
Fe2(SPh)2[Ph2PC6H4C(O)]2(CO)3 .   
The pathway for the oxidative addition of the thioester to Fe(0) is 
illuminated by the finding that a bulky phosphine thioester and nonelectrophilic 
analogue gave adducts of the type Fe(Ph2PC6H4COSR)(CO)4.  The isolation of 
such adducts is consistent with phosphine coordination preceding a chelate-
assisted oxidative addition13 of the thioester group.  The oxidative addition of the 
thioester can be envisioned to proceed via coordination of the thioether-like sulfur 
center.14  
 The overall formation of 1 from Fe2(CO)9 is proposed to proceed via 
descreet steps A-D (Scheme 2.6). The barrier required for the initial binding of 
the phosphine is probably independent of the SR derivative.  The formation of the 
Fe-S bond (step B) is also expected to be fairly independent of the R substituent 
unless the steric bulk interferes.  Step C is highly dependent on the substituent at 
sulfur.  The barrier for the electron withdrawing phenyl derivative is low and we 
never detect a product prior to C-S bond activation.  With an ethyl derivative at 
sulfur this barrier is higher, and we can isolate products prior to oxidative 
addition.  The reaction also requires longer times for completion.  The formation 
of the diiron complexes similar to 1 require one last step which is 
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decarbonylation.  We find the decarbonylation step is faster with alkyl derivatives 
than the aryl derivatives, which is counterintuitive to the CO band shifts (higher in 
S-Aryl).  This step is readily reversible in the case of SPh (see chapter 3), and 
our results suggest the barriers for decarbonylation may not depend strongly on 
the thiolate, but the barrier for the reverse reaction (carbonylation) is dependent 
on the thiolate derivative.  Therefore, the SEt dimer is lower in overall energy 
than the SPh dimer.   
Scheme 2.6.  
 
Whereas the phosphine facilitates oxidative addition of the thioester, the 
low affinity of Fe(0) for pyridines15 prevented incorporation of the more Hmd-
relevant N-heterocyclic ligand on the Fe(CO)3 center.  
The reaction of 1 with excess thioester phosphine gives the diacyl 
Fe(Ph2PC6H4CO)2(CO)2 and the disulfide.  This reaction, a new route to metal 
acyl, does not involve redox at the metal but at sulfur (Scheme 2.7). 
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Scheme 2.7.  
 
 
Experimental 
General Considerations.  Unless otherwise indicated, reactions were 
conducted using standard Schlenk techniques (N2) at room temperature with 
stirring.  All solvents were dried and degassed prior to use.  Literature 
procedures afforded the following reagents: Ph2P-o-C6H4COOH,
16 2,6-
dimesitylphenylthiol, 2,4,6-triisopropylthiol,17 2-hydroxy-4-methylpyridine-6-acetic 
acid,18 [H(Et2O)]BAr
F
4,
19 and Fe(bda)(CO)3
20 followed.  Benzenethiol, 2-methyl-2-
propanethiol, ethanethiol, p-toluenesulfonylmethyl isocyanide, and Et4NCN were 
purchased from Sigma-Aldrich.  DCC, 2-mercaptopyridine, and DMAP were 
obtained from Fluka Analytical.  EDAC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride) was purchased from Chem-
Impex International.  MgSO4 and NaHCO3 were purchased from Fisher 
Chemicals.  Fe2(CO)9, was purchased from Strem Chemicals.  Quinoline-8-
carboxylic acid was purchased from Karl Industries.  2-Methoxythiophenol was 
obtained from SAFC Supply Solutions (St. Louis, MO).  K13CN was purchased 
from Isotec.  The silica gel used was 230-400 mesh Siliaflash® P60 from 
Silicycle.  Electrospray ionization-mass spectra (ESI-MS) were acquired using a 
Micromass Quattro QHQ quadrupole-hexapole-quadrupole instrument.  1H and 
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31P NMR spectra were acquired on Varian UNITY INOVA TM 500NB and UNITY 
500 NB instruments.  Elemental analyses were performed by the School of 
Chemical Sciences Microanalysis Laboratory utilizing a Model CE 440 CHN 
Analyzer.  In situ IR spectroscopic measurements were obtained using a ReactIR 
4000 (Mettler-Toledo). 
 The preparation and purification of thioesters was found to be slightly less 
cumbersome utilizing the water soluble reagent EDAC instead of DCC.   
Ph2PC6H4-2-C(O)SPh.  To a stirred solution of PhSH (870 L, 8.475 
mmol) in CH2Cl2 (20 mL) was added 2-diphenylphosphinobenzoic acid (2.36 g, 
7.705 mmol) and DCC (1.75 g, 8.475 mmol).  The reaction mixture was stirred 1 
h, and the precipitated 1,3-dicyclohexylurea was filtered off.  The yellow filtrate 
was concentrated under vacuum, and the residue was purified by column 
chromatography on silica gel, eluting with 50:1 hexane:ethyl acetate.  The light 
yellow fraction was evaporated to give a crystalline solid that was dried in vacuo.  
Yield: 2.5 g (82%).  31P NMR (202 MHz, CD2Cl2): -5.53.  FDMS m/z: 398.2 
(Calcd for M+: 398.1).  IR (CH2Cl2, cm
-1): CO = 1677 (acyl).  Anal. Calcd for 
C25H19OPS (found): C, 75.36 (75.08); H, 4.81 (4.82); N, 0.00 (0.51). 
Ph2PC6H4-2-C(O)SEt.  To a stirred solution of ethanethiol (146 L, 1.969 
mmol) in CH2Cl2 (25 mL) was added 2-(diphenylphosphino)benzoic acid (400 mg, 
1.310 mmol), DMAP (64 mg, 0.525 mmol), and 1-EDAC (377.5 mg, 1.969 mmol) 
successively.  The reaction mixture was stirred 1 h at 0 ºC and then warmed to 
room temperature with stirring 2 h.  The solution was washed 3 x with 1 N HCl 
(30 mL), then washed 2 X with saturated aqueous NaHCO3 (30 mL), and once 
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with water (30 mL).  The CH2Cl2 solution was dried over MgSO4.  The yellow 
CH2Cl2 layer was concentrated by vacuum, and the yellow oil was recrystallized 
from CH2Cl2 /hexanes to give an oily light yellow powder.  This powder was dried 
overnight to give a white solid.  Yield: 300 mg (65% yield).  1H NMR (500 MHz, 
CD2Cl2): 1.23 (t, 3H, CH2CH3, 
3JHH = 7.4 Hz), 2.96 (q, 2H, CH2CH3, 
3JHH = 7.4 
Hz ) 6.985 (m, 1H, aryl-H), 7.21-7.42 (m, 4H, aryl-H), 7.88 (m, 1H, aryl-H).  
31P 
NMR (202 MHz, CD2Cl2): -5.28.  ESI-MS m/z: 351.4 (Calcd for MH
+: 351.1).  IR 
(CH2Cl2, cm
-1): CO = 1657 (acyl). 
Ph2PC6H4-2-C(O)S
tBu.  To a stirred solution of 2-methyl-2-propane thiol 
(295L, 2.612 mmol) in CH2Cl2 (25 mL) was added 2-(diphenylphosphino)-
benzoic acid (400 mg, 1.310 mmol), DMAP (67 mg, 0.548 mmol), and 1-EDAC 
(372.5 mg, 1.959 mmol) successively.  The reaction was stirred 1 h at 0 ºC and 
then 10 h at room temperature.  The solution was washed 3 x with 1 N HCl (30 
mL), followed by 2 X with saturated aqueous NaHCO3 (30 mL), and once with 
water (30 mL).  The CH2Cl2 solution was dried over MgSO4.  The yellow CH2Cl2 
layer was concentrated by vacuum, and the resulting yellow oil was crystallized 
from CH2Cl2/hexanes to give a light yellow powder.  Yield: 370 mg (74.8%). 
 1H 
NMR (500 MHz, CD2Cl2): = 1.433 (s, 9H, 
tBu), 6.961 (m, 1H, aryl-H), 7.21-7.42 
(m, 12H, aryl-H), 7.881 (m, 1H, aryl-H).  31P NMR (202 MHz, CD2Cl2): -5.92.  
ESI-MS m/z: 379.4 (calcd for MH+: 379.1).  IR (CH2Cl2, cm
-1): CO = 1656 (acyl).   
Ph2PC6H4-2-C(O)S(C6H4-2-OMe).  To a stirred solution of 2-
methoxythiophenol (2 mL, 16.4 mmol) in CH2Cl2 (50 mL) was added 2-
(diphenylphosphino)benzoic acid (4.72 g, 15.4 mmol) and DCC (3.50 g, 17.0 
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mmol) successively.  The reaction mixture was stirred for 1.5 h, and the 
precipitated 1,3-dicyclohexylurea was filtered off.  The filtrate was concentrated 
under vacuum, and residue was purified by column chromatography, eluting with 
40:1 hexane/ethyl acetate.  The light yellow fraction was evaporated to give a 
yellow crystalline solid that was dried in vacuo.  Yield: 5.88 g (89% yield).  1H 
NMR (500 MHz, C6D6): 3.21 (s, 3H, OCH3), 6.435 (d, 1H, aryl-H), 6.71 (t, 1H, 
aryl-H), 6.89 (m, 2H, aryl-H), 7.01 (s, 8H, aryl-H), 7.33 (m, 4H, aryl-H), 7.405 (d, 
1H, aryl-H), 8.18 (m, 1H, aryl-H).  31P NMR (202 MHz, CD2Cl2): -5.13.  ESI-MS 
m/z: 429.2 (calcd for MH+: 429.1).  IR (CH2Cl2, cm
-1): CO = 1676 (acyl).  Anal. 
Calcd for C26H21OPS (found): C, 72.88 (72.49); H, 4.94 (4.82); N, 0.00 (0.41). 
Ph2PC6H4-2-C(O)SC6H2-2,4,6-
iPr3.  To a stirred solution of 2,4,6-
triisopropylphenylthiol (623 mg, 2.636 mmol) in CH2Cl2 (25 mL) was added 2-
(diphenylphosphino)benzoic acid (807.5 mg, 2.636 mmol), DMAP (71.2 mg, 
0.5272 mmol), and 1-EDAC (671.7 mg, 3.50 mmol) in that order.  The reaction 
solution was stirred 6 h and then washed 3 x with 1 N HCl (30 mL), followed by 2 
X with saturated aqueous NaHCO3 (30 mL), and once with water (30 mL).  The 
CH2Cl2  solution was dried over MgSO4.  The solvent was removed by vacuum.  
The white solid was washed with hexanes (20 mL) and dried under vacuum. 
Yield: 1.21 g (88% yield).  1H NMR (500 MHz, CD2Cl2): 1.13 (d of d, 12H, 2,6-
CH(CH3)2, 
3JHH = 22.3 Hz, 
5JHH = 6.5 Hz), 1.27 (d, 6H, 4-CH(CH3)2, 
3JHH = 6.9 
Hz), 2.92 (p, 1H, 4-CH(CH3)2, 
3JHH = 6.9 Hz ), 3.42 (p, 2H, 2,6-CH(CH3)2, 
3JHH = 
6.7 Hz ), 7.02 (m, 1H, aryl-H), 7.11 (s, 2H, aryl-H), 7.21 (m, 4H, aryl-H), 7.32 (m, 
6H, aryl-H), 7.44 (m, 1H, aryl-H), 7.51 (m, 1H, aryl-H), 8.23 (m, 1H, aryl-H).  31P 
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NMR (202 MHz, CD2Cl2): -5.59.  ESI-MS m/z: 525.3 (calcd for MH
+: 525.2).  IR 
(CH2Cl2, cm
-1): CO = 1668 (acyl).  Anal. Calcd for C34H37OPS (found): C, 77.83 
(77.73); H, 7.11 (7.20); N, 0.00 (0.36). 
Ph2PC6H4-2-C(O)SC6H3-2,6-(C6H2-2,4-6-Me3)2.  To a stirred solution of 
2,6-dimesitylphenylthiol (1000 mg, 2.89 mmol) in CH2Cl2 (20 mL) was added 2-
diphenylphosphinobenzoic acid (884 mg, 2.89 mmol), DMAP (35 mg, 0.29 
mmol), and EDAC.HCl (830 mg, 4.33 mmol) successively.  The reaction solution 
was stirred for 3.5 h and then washed 3x with 1 N HCl (30 mL), followed by 2 x 
with saturated aqueous NaHCO3 (30 mL), and once with water (30 mL).  After 
drying over MgSO4, the solution was evaporated.  The residue was dissolved in 
hexanes (8 mL) and precipitated a white solid within 15 min.  The solid was 
collected by filtration, washed with 5 mL of hexanes, and dried under vacuum.  
Yield: 1.32 g (74%).  1H NMR (500 MHz, CD2Cl2):  1.96 (s, 12H, mesityl-2,6-
CH3), 2.27 (s, 6H, mesityl-4-CH3), 6.86 (s, 5H, aryl-H), 6.98-7.35 (15 H, aryl-H), 
7.54 (t, 1H, aryl-H).  31P NMR (202 MHz, CD2Cl2): -8.39.  ESI-MS m/z: 635.6 
(Calcd for MH+: 635.3).  IR (CH2Cl2, cm
-1): CO=1674 (acyl).  Anal. Calcd for 
C43H39OPS (found): C, 81.36 (80.89); H, 6.19 (6.32); N, 0.00 (0.46). 
Ph2PC6H4-2-C(O)S-2-(C5H4N).  To a stirred solution of 2-mercaptopyridine 
(450 mg, 4.04 mmol) in CH2Cl2 (20 mL) was added 2-
(diphenylphosphino)benzoic acid (1.00 g, 3.27 mmol), and DCC (707 mg, 3.43 
mmol) in that order.  The reaction mixture was stirred 1 h, and the white 
precipitate of 1,3-dicyclohexylurea was filtered off.  The filtrate was concentrated 
under vacuum, and the product was purified by column chromatography on silica 
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gel, eluting with hexane/ethyl acetate, (40/1).  The light yellow fraction was 
evaporated to give a crystalline solid that was dried in vacuo.  Yield: 939 mg 
(72% yield).  31P NMR (202 MHz, CD2Cl2): -4.71.  ESI-MS m/z: 400.2 (Calcd for 
MH+: 400.1).  IR (CH2Cl2, cm
-1): CO = 1678 (acyl).   
2-HO-4-Me-6-[CH2C(O)SPh]-C5H2N.  To a stirred solution of PhSH (61.4 
L, 0.5982 mmol) in THF (50 mL) was added 2-hydroxy-4-methylpyridine-6-acetic 
acid (100 mg, 0.5982 mmol), and DCC (123.4 mg, 0.5982 mmol) successively.  
The reaction mixture was stirred 4 days.  Solvent was removed under vacuum, 
and CH2Cl2 (20 mL) was added.  The precipitated 1,3-dicyclohexylurea was 
filtered off.  The filtrate was concentrated under vacuum, and the yellow residue 
was washed with hexanes.  The solid was extracted into ~15 mL of EtOAc, and 
this extract was filtered through a ~5-cm. plug of silica gel.  Solvent was removed 
by vacuum, and the residue was recrystallized from CH2Cl2 by the addition of 
hexanes, giving a white powder.  Yield: 62 mg (40%).  1H NMR (500 MHz, 
CD2Cl2):  2.23 (s, 3H, 4-CH3), 3.89 (s, 2H, CH2C(O)S) 6.15 (s, 1H, pyridyl-H), 
6.34 (s, 1H, pyridyl-H), 7.43 (m, 5H, SC6H5).  ESI-MS m/z: 260.3 (Calcd for MH
+: 
260.1).  IR (CH2Cl2, cm
-1): CO=1657 (acyl).  Anal. Calcd for C14H13NO2S (found): 
C, 64.84 (64.96); H, 5.05 (5.61); N, 5.40 (6.14). 
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Figure 2.11.  1H NMR spectrum of 2-HO-4-Me-6-[CH2C(O)SPh]-C5H2N in 
CD2Cl2. 
 
Fe(Ph2PC6H4C(O)SC6H3-2,6-Ar*2(CO)4 (Ar*=2,4,6-trimethylphenyl). A 
solution of Ph2PC6H4C(O)SC6H3-2,6-Ar*2 (94.2 mg, 0.148 mmol) in 20 mL of 
CH2Cl2 was transferred to a mixture 54 mg (0.148 mmol) of Fe2(CO)9 in 10 mL of 
CH2Cl2 at 0 ºC.  The mixture was stirred for 15 min. and then allowed to warm to 
room temperature.  The mixture was evaporated to dryness under vacuum, and 
the solid was rinsed with ~15 mL of hexanes.  The solid was recrystallized from 
15 mL Et2O / 30 mL of hexanes.  Yield: 90 mg (76 %).  
31P NMR (202 MHz, 
CD2Cl2): 72.0 (s).  IR (THF, cm
-1): CO= 2048, 1969, 1950, 1933.  IR 
spectroscopic measurements indicated that a solution of the compound in 
refluxing THF remained unchanged for 24 h. 
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Synthesis of Fe(Ph2PC6H4C(O)SEt)(CO)4  Prepared analogously to 
Fe(Ph2PC6H4C(O)SC6H4-2,6-(Ar*)2(CO)4. Yield:  95 mg (86 %) 
31P NMR (202 
MHz, CD2Cl2): 72.6 (s).  IR (CH2Cl2, cm
-1): CO = 2049, 1972, 1935.  Upon reflux 
in THF over 8 hours Fe2(SEt)2(PCO)2(CO)3 was formed.  This complex was 
independently prepared via the reaction of Fe(bda)(CO)3 and Ph2PC6H4C(O)SEt 
similarly to 1.  Yield:  90 mg (25 %)   IR (CH2Cl2, cm
-1): CO = 2012, 1960, 1916. 
Fe(Ph2PC6H4CO)(CO)2.  A solution of 100.9 mg (0.187 mmol) of 1 and of 
256.2 mg (0.643 mmol) of Ph2PC6H4-2-C(O)SPh in 20 mL of toluene was heated 
to 95 ºC for 16 h.  Solvent was removed by reduced pressure and the residue 
was dissolved in minimal 2:1 CH2Cl2:hexanes and column chromatography was 
performed with silica gel, eluting with CH2Cl2:hexanes.  The first yellow band 
collected was unreacted Ph2PC6H4-2-C(O)SPh, and the second yellow band was 
the product. Removal of solvent under reduced pressure gave a yellow powder.  
Yield: 18 mg (14 %).  Both Cs and C2 isomers of Fe(Ph2PC6H4CO)2(CO)2 with cis 
CO ligands and the cis-phosphine: trans-phosphine ratio of 2:1.  The isomer ratio 
was unaffected when by heating a sample in refluxing benzene for 24 h.  31P 
NMR (202 MHz, CD2Cl2): 67 and 57 (Cs-isomer: d, 
2JPP= 145 Hz), 60 (C2-
isomer: s) (see Figure 2.8). IR (CH2Cl2, cm
-1): CO = 1993 and 1926 (C2-isomer), 
1973 and 1909 (Cs-isomer).   
Crystallography 
A structural model consisting of the host molecule and a disordered methylene 
chloride solvate molecule was developed. Since positions for the solvate 
molecule was poorly determined a second structural model was refined with 
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contributions from the solvate molecules removed from the diffraction data using 
the bypass procedure in PLATON (Spek, 1990).  No positions for the host 
network differed by more than two su's between these two refined models.  The 
electron count from the "squeeze" model converged in good agreement with the 
number of solvate molecules predicted by the complete refinement.  The 
"squeeze" data are reported here. 
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Chapter 3 
Derivatives of Fe Acyl Thiolate Phosphines: Structural Models of [Fe]-
Hydrogenase (Hmd) 
 
Introduction 
The conversion of carbon dioxide to methane is accomplished on a 
massive scale biologically, as indicated by the magnitude of the world‘s natural 
gas reserves (6,254 trillion cubic feet).1  The means by which microorganisms 
carry out this conversion has been delineated over the previous few decades.2  
This conversion is catalyzed by a sequence of enzyme-catalyzed reactions, and 
this collection of enzymes are a particularly rich source of cofactors.  For 
example, the biochemical cycle starts with the conversion of CO2 to a formamide 
using a methanofuran cofactor and ends with the hydrogenolysis of a CH3-S 
bond in coenzyme M (Scheme 3.1).  For chemists seeking new ideas on 
catalysis, these cofactors represent tantalizing and potentially rewarding targets.  
The biosynthesis and mode of action are areas ripe for discovery, and perhaps 
applications.  
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Scheme 3.1.  Biochemical pathway for conversion of CO2 to CH4  
 
The most recently elucidated step in the archaeal methanogenic cycle is 
the reduction of a stabilized carbocation to the corresponding methylene 
derivative (eq 3.1).3  Normally, this conversion is effected by a [NiFe]-
hydrogenase in the hydrogenotrophic methanogens, but under conditions where 
nickel is insufficiently bioavailable, the organism up-regulates backup enzymes 
that catalyzes the same conversion.4,5  The enzymes are called H2-forming 
methylenetetrahydromethanopterin dehydrogenase (Hmd, PDB 3F47) and F420-
dependent methylene tetrahydromethanopterin dehydrogenase (Mtd, PDB 3IQF).   
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The Hmd enzyme was originally thought to be free of metals because 
catalysis is relatively insensitive to CO, but later Hmd was found to be an iron 
enzyme that is inhibited by relatively high pressures of CO.6  Over the course of 
the preceding five years, the structure of the active site has been elucidated 
using both the native protein as well as mutants.7-11  The protein harbors an 
active site consisting of the third example of a iron thiolato carbonyl center found 
in biology.12,13  The fact that these Fe-SR-CO species catalyze reactions 
involving H2 is an example of convergent evolution and an affirmation of their 
deep significance.12   
 
Figure 3.1.  Stick model of the jHmd C176A mutant active site with dithiothreitol 
(DTT) replacing cys176 (PDB 3H65) (M. jannaschi).  One OH of the DTT 
occupies the site trans to acyl.  Color scheme: brown, Fe; blue, N; red, O; purple, 
P; yellow, S; grey, C. 
 
The environment of the Fe center in Hmd is Fe(SR)(acyl)L(CO)2X, where 
L is an N-bonded ligand that is a derivative of either 2-hydroxypyridine or 2-
pyridonate and X occupies an apparently labile site.  In the crystal structure X 
has been modeled as oxygen,8 which is in line with the EXAFS analysis.14  In the 
mutant protein, the oxygenic ligand is provided by an alcohol (Figure 3.1).  
Inhibited forms of the protein have been prepared where X is cyanide and CO.  
The cyanide derivative (HmdCN) is stable, but its formation reverses at high 
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dilution, whereas the CO-inhibited form (HmdCO) is highly labile, in accord with 
the weak inhibiting effect of this ligand.3  These inhibited forms, especially HmdCO 
and HmdCN represent suitable synthetic targets, since they are coordinatively 
saturated.  Furthermore, models for HmdCO could serve as precursors to 
catalytically active states.   
From the structural perspective, the presence of the acyl ligand is striking.  
Fe-acyls are common in synthetic organometallic chemistry,15 for example, 
(C5H5)(CO)2FeC(O)Me and [(CO)4FeC(O)Me]
-, but are unusual in biology.  Acyl 
nickel intermediate have been invoked in acetogenesis,16 which is catalyzed by 
the enzyme acetyl Co-A synthase.17,18  In Hmd, the acyl ligand may function as a 
trans directing group, stereoselectively labilizing the site that binds H2.  Normally, 
acyl ligands are cis labilizing because of the facility of the 1- to 2-acyl 
conversion,19 but if constrained in a chelate ring as in Hmd‘s active site, then they 
may be expected to exert a trans influence comparable to that of an aryl group.20 
For first generation models of Hmd, we sought to incorporate the most 
distinctive ligand, the acyl.  Prior to our work, acyl thiolato monoiron complexes 
were unknown, although diiron complexes of the type Fe2(SR)(acyl)(CO)6 had 
been prepared. Thioester-iron interactions may have been involved in the origin 
of life.21,22 
We have previously described the oxidative addition of thioester-modified 
phosphines to Fe(0) reagents to give diiron -thiolato species of the type 
Fe2(SPh)2(Ph2PC6H4CO)2(CO)3.
23  This diferrous species carbonylates to afford 
the metastable monomer fac-Fe(SPh)(Ph2PC6H4CO)(CO)3 (1).  This tricarbonyl 
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was found to undergo monosubstitution to give derivatives mimicking other 
ligand-inhibited forms of Hmd, abbreviated HmdL.  Herein we describe the 
structural characterization of 1 and its cyanide derivative, which constitute close 
structural models for the active site of Hmd.    
In related Hmd modeling work, Hu and coworkers have generated iron 
acyls stabilized by 2-mercaptopicoline derivatives.  Thus, complexes of the type 
Fe(S-2-C5H3N-6-Me)(COMe)L(CO)2 are generated by metathetic routes from 
ferrous acyl iodides to afford -thiolato diiron diacyl complexes.  Strong field 
ligands cleave these dimers to give Fe(-S-2-C5H3N-6-Me)(COMe)(CO)2L (L = 
CN-, RNC, PPh3, CO).
24  Most early modeling work, which was performed before 
the discovery of the acyl ligand, focused on the incorporation of pyridine and 
thiolate ligands to Fe(II) carbonyls (Figure 3.2).25,26 
 
Figure 3.2.  Models for the Hmd Fe cofactor.24-26 
  
The most recent report in Hmd modeling is also the most similar in terms 
of Fe ligation and overall geometry.  The addition of 2-aminopyridine to 
Fe(CO)4Br2 results in a pyridine carbamoyl chelated complex (Scheme 3.2).
27  
Addition of mercapto ethanol or 2,6-dimethylbenzenethiol replaced the bromide 
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to give a bridging diiron dithiolate and Fe monomer respectively.  The Iron 
monomer was crystallized and shown to be a close match for the overall 
geometry of the Hmd cofactor with a weakly bound solvent molecule trans to the 
acyl ligand.  The one feature noticeably lacking in this model is the presence of a 
hydroxyl group oriented toward the solvent binding site. 
Scheme 3.2.  Pickett‘s synthesis of pyridine carbamoyl-based model for Fe 
cofactor of Hmd.27 
 
 
Results 
Fe(SPh)(Ph2PC6H4CO)(CO)3.  Compound 1 was obtained by high 
pressure carbonylation of a warm solution of the aforementioned diiron derivative 
(eq 3.2).  Solutions of the monomer 1 were found to decarbonylate, returning to 
the diiron derivative, but solutions of 1 were stable for days <-20 ºC.  Crystalline 
samples of 1 proved stable at room temperature in air for weeks.  
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The solution IR spectra of 1 in CH2Cl2 and the CO-inhibited form of Hmd 
were found to match very closely with CO = 2075, 2026, 2002 (2074, 2020, 1981 
cm-1 for Hmd).  We were curious about the influence of solvent on the spectrum 
of our model.  To examine this aspect, we re-recorded the spectrum in 1:1 
MeOH:CH2Cl2, but the spectrum was only slightly affected ( < 4 cm
-1) (Figure 
3.3). 
 
Figure 3.3.  IR spectrum of Fe(SPh)[Ph2PC6H4C(O)](CO)3 (1) in CH2Cl2 solution 
(black) and after dilution with an equal volume of MeOH (red). 
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Exposure of a solution of complex 1 to 1 atm of 13CO at room temperature 
resulted in rapid (<5 min.) exchange of all sites to give 
Fe(SPh)(Ph2PC6H4CO)(
13CO)3 (eq 3.3).  The 
31P NMR spectrum of this species 
confirmed the arrangement of the CO ligands, since three separate 13C-31P 
couplings are observed with J = 58, 21, and 16 Hz (Figure 3.4).  In 
Fe(CO)3(PMe3)(
2-Me3SiCCSiMe3), the 
13CO-31P coupling constants are 59 
(trans) and 35 Hz (cis).28  In contrast to our result, Hmd only exchanges CO at 
single site.10 
 
 
Figure 3.4.  31P NMR spectrum of Fe(SPh)[Ph2PC6H4C(O)](CO)3 (1) in CD2Cl2 
solution after stirring under 0.8 atm of 13CO for ~5 min. 
 
Structure of Fe(SPh)(Ph2PC6H4CO)(CO)3.  The tricarbonyl monomer 1 
was further characterized by X-ray crystallography (Figure 3.5). The structure of 
ppm (f1)
71.5072.0072.50
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1 confirms the facial tricarbonyl geometry and compares well with the recent 
structure of the C176A mutant of Hmd, which has been characterized at 2.15 Å 
resolution.8  In this mutant, one cysteinyl ligand is replaced by one thiolate of 
dithiothreitol, which also provides an alcohol ligand in the coordination site trans 
to the acyl (see Figure 3.1).  The bond distances (and angles) for this structure 
are compared to the EXAFS data for wild type Hmd in Table 3.1. 
 
 
Figure 3.5.  Structure of 1, drawn with 35% probability ellipsoids with Fe, green; 
P, purple; O, red; S, yellow; C, black.  Hydrogen atoms are omitted for clarity. 
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Table 3.1.  Selected Bond Lengths (Å) and Angles (º) for 1 and for the Fe Center 
of Hmd (EXAFS analysis of sample jHmd in ref. 29). 
 
Bond parameter 
for 1 
Compound 1 
Hmd 
M. jannaschii29 
Fe1 - C1 1.7844 (0.0018) 1.769(5) 
Fe1 - C2 1.8229 (0.0019) 1.769(5) 
Fe1 - C3 1.8395 (0.0018) 1.769(5) 
Fe1 - C4 2.0202 (0.0016) 1.88(1) 
Fe1 - P1 2.2381 (0.0005) 2.052(9) (Fe-N) 
Fe1 - S1 2.3457 (0.0005) 2.335(4) 
C4-Fe1-P1 85.40 (0.05)  
C4-Fe1-S1 79.97 (0.05)  
P1-Fe1-S1 84.85 (0.02)  
C1-Fe1-S1 163.69 (0.06)  
C2-Fe1-P1 168.22 (0.05)  
C3-Fe1-C4 176.61 (0.07)  
 
[Fe(SPh)(Ph2PC6H4CO)(CN)(CO)2]
_.  Complex 1 reacts smoothly with cyanide to 
afford the anion [Fe(SPh)(Ph2PC6H4CO)(CN)(CO)2]
- ([2]-), isolated as its Et4N
+ 
salt (eq 3.4).  The 13C and 31P NMR spectra for Et4N[2] and its 
13CN-labeled 
derivative indicate that substitution is stereospecific.  Cyanide is located cis to the 
phosphine ligand, on the basis of precedent: in FeH(13CN)(PPh2CH2CH2PPh2)2, 
J(31P,13C) = 20 Hz,3230 vs 24 Hz in Et4N[2](
13CN) (Figure 3.6).  Unlike 1, solutions 
of [2]- are stable with respect to loss of CO as also seen for HmdCN.10  The IR 
spectrum of [2]- and [2]-(13CN) in CH2Cl2 solution (Figures 3.7, 3.8) also closely 
match the cyanide-inhibited forms of Hmd, wherein cyanation also proceeds 
stereoselectively10 (Figure 3.9, Table 3.2).  
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Figure 3.6.  31P NMR spectrum of Et4N[Fe(SPh)[Ph2PC6H4C(O)](
13CN)(CO)2] 
Et4N[2](
13CN)  in CD2Cl2 solution. 
 
Figure 3.7.  IR spectrum of Et4N[Fe(SPh)[Ph2PC6H4C(O)](CN)(CO)2] Et4N[2] in 
CH2Cl2 solution. 
ppm (f1)
65.066.067.068.069.0
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Figure 3.8.  IR spectrum of Et4N[Fe(SPh)[Ph2PC6H4C(O)](
13CN)(CO)2] 
Et4N[2](
13CN) in CH2Cl2 solution. 
 
 
 
Figure 3.9.  IR spectral positions for CN and CO for selected model compounds 
and HmdCO and HmdCN. 
 
 
 
 
 
63 
 
Table 3.2.  Selected IR Data for Model Compounds and for Hmd from M. 
marburgensis.10  
 
Sample (models in CH2Cl2 soln. unless 
otherwise indicated; enzyme in aqueous soln.) 
CO (cm
-1) 
HmdCO from M. marburgensis10 2074, 2020, 1981 
Fe(SPh)(Ph2PC6H4CO)(CO)3 (1) 
 
(1:1 CH2Cl2:MeOH) 
2075, 2025, 2001 
 
(2077, 2028, 2005) 
HmdCN from M. marburgensis10 2090 (CN), 2020, 1956 
Et4N[Fe(SPh)(Ph2PC6H4CO)(CN)(CO)2] 
(Et4N[2]) 
 
(1:1 CH2Cl2:MeOH) 
2093 (CN), 2013, 1954 
 
(2093 (br, CN), 2026, 
1973) 
Et4N[Fe(SPh)(Ph2PC6H4CO)(
13CN)(CO)2]
 
(Et4N[2]
13CN) 
2050 (CN), 2012, 1954 
Fe(SPh)(Ph2PC6H4CO)(CNCH2Ts)(CO)2 2154 (CN), 2042, 1988 
 
The cyanide derivative was further characterized by X-ray absorption 
spectroscopy.  The XANES spectrum, indicative of the electronic structure of the 
iron site, closely matches that of the iron binding site in wild type HmdCN.11  The 
intense pre-edge peak for the new complex is resolved as a doublet, assigned 
tentatively to the 1s-3d/4p transition(s).*  The XANES spectra for both the CN-
inhibited enzyme as well as Et4N[2] (Figure 3.10 show) a mild shoulder in their 
rising edge, followed by a sharp resonance at about 7130 eV and a broad 
resonance at about 7150 eV.  The position of the subsequent minimum at 7170 
                                                 
* The high resolution in the K-edge region was achieved with the Si(220) 
monochromator with an intrinsic resolution of 0.4 eV vs 0.9 eV for Si(111). 
64 
 
eV is mainly attributed to the distance of those ligands dominating the EXAFS 
pattern (Figure 3.11).  The high similarity of its position indicates strong 
similarities in the overall geometry of the active sites.  
 
Figure 3.10.  XANES spectrum of Et4N[Fe(SPh)(Ph2PC6H4CO)(CN)(CO)2] (left) 
and wild-type Hmd from M. marburgensis, the isolated Fe-GP cofactor, as well as 
the cyanide inhibited protein (right). 
 
Figure 3.11.  EXAFS spectrum and its Fourier transform with fits (red) for the 
model Fe(CO)3(CN)P(S) using the parameters in Table 3.3. 
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Table 3.3.  Results of EXAFS Refinements for 
Et4N[Fe(SPh)(Ph2PC6H4CO)(CN)(CO)2] (indices a, b, and c indicate parameters 
that were refined jointly in order to lower the number of free parameters; Energy 
range 10 – 750 eV, Ef = -6.3 ± 0.3 eV, Fit index: 0.954). 
 
ligand N r (Å) 22 (Å2) 
CO 2 1.81 ± 0.01 0.016 ± 0.003 
CO 2 2.93 ± 0.01 0.012 ± 0.002a 
CN 1 2.07 ± 0.03c 0.012 ± 0.004b 
CN 1 3.19 ± 0.03 0.012 ± 0.002a 
C 1 2.07 ± 0.03c 0.012 ± 0.004b 
P 1 2.18 ± 0.06 0.02 ± 0.01 
S 1 2.32 ± 0.02 0.008 ± 0.004 
 
 
 
Adducts with TsCH2NC.  Reminiscent of its reactivity toward cyanide, 
complex 1 was found to undergo substitution by TsCH2NC under mild conditions 
(eq 3.5).  31P NMR spectroscopic measurements show that substitution occurs in 
seconds at about -10 ºC.  The formation of a single derivative (70.7 vs 72.5 for 
1; see Table 3.3 or Figure 3.12 for CO and CN) indicates stereoselective 
substitution.  The substituted complex is stable in solution at temperatures below 
-10 ºC, but 31P NMR measurements indicate that over the course of several 
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minutes at room temperature, this initial species converts to a mixture of three 
additional complexes, which are assumed to be isomers or the result of 
decarbonylation (Figure 3.13).  This mixture simplifies over longer reaction times, 
as indicated by the appearance of two 31P NMR signals in a 1:1 ratio, assigned to 
metastable diiron derivatives of the type Fe2(SPh)2(Ph2PC6H4CO)2(CO)(RNC)2.  
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Figure 3.12.  IR spectrum of [Fe(SPh)(Ph2PC6H4C(O)]2(CNCH2Ts)(CO)2].  
CO(cm
-1): 2038, 1983  CN(cm
-1): 2153.  Spectrum obtained on ReactIRTM 4000 
at -10 ºC. 
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Figure 3.13.  31P NMR spectrum of [Fe(SPh)(Ph2PC6H4C(O)]2(CNCH2Ts)(CO)2] 
in CD2Cl2 at room temperature at 1,4,8,12,16, and 20 minutes. 
 
Protonation.  Tricarbonyl 1 was found to undergo protonation at low 
temperatures to give unstable derivatives.  In CH2Cl2 solution at –30 ºC, 
protonation with H(OEt2)2BAr
F
4 (Ar
F = 3,5-(CF3)2C6H3) afforded a single product 
[1H]+ (31P NMR: 68.1, broad), which lacks apparent hydride signals in its 1H 
NMR spectrum.  The IR spectrum (-26 ºC) showed CO bands (2090, 2041, and 
2024 cm-1), which are shifted by an average of 18 cm-1 to higher energies vs 
those for 1.  Addition of Et3N to this cold solution of [1H]
+ cleanly returned 1 (IR 
analysis).  The IR and NMR data are thus consistent with protonation at a ligand, 
probably the thiolate31 or the acyl group.32  The corresponding S- and O-
protonation of the ferrous thiolate (C5H5)Fe(CO)2SPh and the ferrous acyl 
(C5H5)Fe(CO)(PPh3)C(O)Me, respectively with HBF4 and HBr induces shifts in 
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CO by 40 and 32 cm
-1.  Upon warming its solution to 20 ºC, [1H]+ was found 
to convert to a new product (31P NMR: 76.7), which decomposed over the 
course of a few minutes (Figure 3.14).  
 
 
 
Figure 3.14.  31P NMR spectrum of Fe(SPh)(Ph2PC6H4C(O))(CO)3 protonation 
with H(OEt2)2BAr
F
4  and isomerization upon warming. 
  
Conclusions 
 Thioester derivatives of 2-diphenylphosphinobenzoic acid are versatile 
multifunctional reagents that enable easy access to phosphine-stabilized metal 
acyl thiolato carbonyls.  The PhS derivative was examined in detail and shown to 
adopt a structure very similar to the one modeled for the Fe site in HmdCO.9  The 
Fe(SPh)(PCO)(CO)3 + HBARF 20 C 5 minutes
Fe(SPh)(PCO)(CO)3 + HBARF 20 C 
Fe(SPh)(PCO)(CO)3 + HBARF 0 C 
ppm (f1) 65.070.075.080.085.0
Fe(SPh)(PCO)(CO)3 -30 C
Fe(SPh)(PCO)(CO)3 + HBARF -30 C 
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major difference between our models and the active site is the presence of the 
phosphine ligand in place of the pyridyl group of the GP cofactor, but the 
phosphorus center offers the distinct advantage of enabling 31P NMR analysis of 
reaction mixtures.   
Whereas the phosphine facilitates oxidative addition of the thioester, the 
low affinity of Fe(0) for pyridines33 prevented incorporation of the more 
biomimetic N-heterocyclic ligand on the Fe(CO)3 center.  Hu et al. have 
addressed this challenge by installing the pyridine group to preformed ferrous 
acyl compounds.24   
Reactivity studies reinforce the electronic similarity between our model 
and the active site.  Hmd stereoselectively binds 13CO and CN-.10  31P NMR data 
show that 1 undergoes stereoselective substitution by both CN- and TsCH2CN, 
but CO is so labile in our model that stereoselective binding of 13CO was not 
observed (Scheme 3.3).  The lability of the site trans to acyl combined with the 
bridging tendency of thiolate ligands explains the facile conversion of 1 into the 
related Fe2(SR)2 derivative.
23  Our results suggest that the Fe-GP cofactor might 
be expected to degrade via dimerization.   
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Scheme 3.3.  Proposed reactions of 1 involving substitution trans to the acyl 
ligand.   
 
 
As indicated by comparisons of the XANES, EXAFS, and IR spectra for 
Hmd and HmdCN (M. marburgensis), [Fe(SPh)(Ph2PC6H4CO)(CN)(CO)2]
- 
replicates the major details of both the electronic and geometric structure of the 
active site.  This close match provides compelling evidence for the presence of a 
ferrous center in Hmd.  The oxidation state of the Fe center in Hmd has been of 
recurring interest.25,34 
 The present results highlight the anomalous effect of cyanide on the IR 
spectrum of Hmd.  In HmdCN, two CO bands are shifted to higher energies by 9 
and 12 cm-1.  In this conversion, CN- is assumed to displace a labile ligand such 
as water.  Nonetheless, it is extremely rare that CO bands shift to higher energy 
upon installing a cyanide ligand.  For example the average of the two CO bands 
is 50 cm-1 lower in  [Fe(SPh)(Ph2PC6H4CO)(CN)(CO)2]
- than in 
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Fe(SPh)(Ph2PC6H4CO)(CO)3.
10  One possible explanation for this anomaly is that 
CN- affects the second coordination sphere of the ferrous center in Hmd, such as 
the protonation state of the pyridone. 
Our tricarbonyl model was also susceptible to reversible protonation, but 
only with strong acids.  The CO bands for the protonated tricarbonyl occur at 20-
30 cm-1 above those seen for HmdCO.  Furthermore, the protonated derivative is 
unstable at temperatures above –30 ºC.  Collectively, these findings suggest that 
the thiol and acyl ligands are not protonated in HmdCO and Hmd. 
 
Experimental 
General Considerations.  Unless otherwise indicated, reactions were 
conducted using standard Schlenk techniques (N2) at room temperature with 
stirring.  All solvents were dried and degassed prior to use.  Literature 
procedures afforded the following reagents: 2-diphenylphosphinobenzoic acid,35 
[H(Et2O)]BAr
F
4,
36 and Fe(bda)(CO)3
37 followed.  Benzenethiol, p-
toluenesulfonylmethyl isocyanide, and Et4NCN were purchased from Sigma-
Aldrich.  Fe2(CO)9, was purchased from Strem Chemicals.  K
13CN and 13CO was 
purchased from Isotec.  Electrospray ionization-mass spectra (ESI-MS) were 
acquired using a Micromass Quattro QHQ quadrupole-hexapole-quadrupole 
instrument.  1H and 31P NMR spectra were acquired on Varian UNITY INOVA TM 
500NB and UNITY 500 NB instruments.  Elemental analyses were performed by 
the School of Chemical Sciences Microanalysis Laboratory utilizing a Model CE 
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440 CHN Analyzer.  In situ IR spectroscopic measurements were obtained using 
a ReactIR 4000 (Mettler-Toledo) instrument. 
 Fe(SPh)(Ph2PC6H4CO)(CO)3, 1.  Under a stream of N2, a solution of 
Fe(bda)(CO)3 (445 mg, 1.55 mmol) and Ph2PC6H4C(O)SPh (652 mg, 1.63 mmol) 
in 20 mL of benzene was heated to reflux for 4 h.  The solution was evaporated 
under vacuum and washed with a few mL of Et2O.  The brown crystalline solid 
was dried overnight to give 743 mg of diiron dithiolato complexes.  A solution of 
this mixture (985 mg, 0.992 mmol) in 6 mL of CH2Cl2 was stirred under 1600 psi 
of CO at 60 ºC for 24 h to give a near quantitative conversion to 1.  Pure samples 
of 1 could be obtained by slow crystallization at -30 ºC (see below).  For such 
carbonylations, the solution is first pressurized at 100-500 psi followed by careful 
venting.  This gas-exchange procedure is repeated twice more.  The bomb is 
then pressurized to 1400-1800 psi, with cooling of the bomb as needed to 
achieve the final pressure.  31P NMR (202 MHz, CD2Cl2):  72.5.  IR (CH2Cl2, cm
-
1): CO = 2075, 2025, 2001,1629 (acyl).  Single crystals of 1 suitable for X-ray 
diffraction were obtained by layering hexanes over a solution of 450 mg of 1 in 5 
mL of CH2Cl2 at –30 ºC for 96 h.  Orange crystals of 1 were manually separated 
from a brown unidentified powder.  
Fe(SPh)(Ph2PC6H4CO)(
13CO)3, 1
13CO.  A solution of 1 (8.5 mg, 0.009 
mmol) in 1 mL of CH2Cl2 in a J-Young NMR tube was frozen, and the tube was 
evacuated under vacuum.  An atmosphere of 0.8 atm of 13CO was introduced, 
and the tube was sealed.  The solution was thawed and analyzed by 31P NMR 
spectroscopy within 5 min.  IR data were obtained within 25 min.  31P NMR (202 
73 
 
MHz, CD2Cl2): 72.0 (d of d of d, 
2JCPtrans = 53, 
2JCPcis = 21, 
2JCPcis = 16 Hz).  IR 
(CH2Cl2, cm
-1): CO = 2027, 1980, 1957, 1629 (acyl). 
Et4N[Fe(SPh)(Ph2PC6H4CO)(CN)(CO)2], Et4N[2].  A solution of Et4NCN 
(51.6 mg, 0.330 mmol) in 5 mL of CH2Cl2 was added to a solution of 1 (164 mg, 
0.3304 mmol) in 20 mL of CH2Cl2.  The solution was stirred 10 min. and then 
concentrated to 2 mL.  An oil precipitated upon the addition of 10 mL of Et2O.  
The oil was dissolved in THF and reprecipitated with ether.  The resulting oily 
solid was recrystallized from THF/Et2O twice more to give an orange tacky solid 
that converted to an orange powder upon vacuum drying.  Yield: 115 mg (52%).  
31P NMR (202 MHz, CD2Cl2): 66.73 (s).  ESI-MS (negative mode, m/z): 536.1 
(Calcd for C28H19FeNO3PS: 536.0).  IR (CH2Cl2, cm
-1): CN/CO = 2094 (CN), 2013, 
1954, 1597 (acyl).  Anal. Calcd for C36H39FeN2O3PS.  Found: C, 64.87 (64.14); 
H, 5.90 (5.99); N 4.20 (4.33). 
Et4N[Fe(SPh)(Ph2PC6H4CO)(
13CN)(CO)2], Et4N[2]
13CN.  A solution of 
Et4N
13CN (17 mg, 0.108 mmol) was generated by K13CN and Et4NCl in MeOH 
followed by filtration to remove KCl.  Solvent was removed by vacuum, and the 
residue was dissolved in 3 mL of CH2Cl2 and added to a solution of 1 (54.0 mg, 
0.108 mmol) in 5 mL of CH2Cl2.  The solution was stirred 10 min. and evaporated 
under vacuum.  Upon slurrying in Et2O, the product converted to an oily orange 
powder that was dried under vacuum.  31P NMR (202 MHz, CD2Cl2): 66.7, 
doublet, 2JCP = 24 Hz.  IR (CH2Cl2, cm
-1): CO = 2050, 2012, 1954, 1597 (acyl). 
 Fe(SPh)(Ph2PC6H4CO)(CO)2(NCCH2Ts).  A solution of 1 (99.6 mg, 0.185 
mmol) in 3 mL of CH2Cl2 was cooled to –30 ºC.  A background IR spectrum was 
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recorded in situ.  A solution of TsCH2NC (36.5 mg, 0.185 mmol) in 1 mL of 
CH2Cl2 was added and IR spectra were collected every minute as the solution 
was allowed to warm.  The CO region of the IR spectra changed cleanly between 
-10 to –6 ºC over the course of ~30 min.  31P NMR (202 MHz, CD2Cl2): 70.7 (s).  
IR (CH2Cl2, cm
-1): CN/CO = 2153 (CN), 2038, 1983, 1615 (acyl).  Upon warming 
the sample above -6 ºC, three new 31P NMR signals at 73.2, 72.6, and 72.2 were 
initially observed before many signals appeared at further times.  Upon 
prolonged standing at room temperature, loss of CO was observed. 
Protonation of 1.  A solution of 1 (30 mg, 0.056 mmol) in 3 mL of CH2Cl2 
solution cooled to –72 ºC was examined by Ft-IR spectroscopy to confirm its 
integrity.  A solution of [H(Et2O)2]BAr
F
4 (56.4 mg, 0.056 mmol) in 1 mL of CH2Cl2 
was added with stirring.  Within 5 min. the IR spectrum confirmed complete 
conversion to a new product (IR: 2090, 2041, 2024 cm-1).  Addition of Et3N (10 
L, 0.072 mmol, –72 ºC), gave back 1.  The protonated product isomerizes 
slowly at –30 ºC.  Protonation was also conducted in a J.Young NMR tube by 
adding 15.3 mg (0.028 mmol) of 1 and 30.3 mg (0.028 mmol) [H(Et2O)2]BAr
F
4 
followed by vacuum transfer of 0.8 mL of CD2Cl2.  The sample was warmed to -
78 ºC and inserted into the NMR probe that had been precooled to -50 ºC.  The 
sample was slowly warmed to -30 ºC and the 31P NMR signal for starting material 
disappeared with formation of a new 31P NMR signal (202 MHz, CD2Cl2, -30 ºC: 
68.1).  The spectrum remained unchanged over the course of 30 min.  Upon 
allowing the sample to warm to 0 ºC, no change was noted.  Upon raising the 
sample temperature to 20 ºC, we observed rapid growth of a new singlet in the 
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31P NMR spectrum (76.7).  After 5 min, the signal at 68.1 had completely 
disappeared.  At longer times at room temperature, many new 31P NMR signals 
were observed.  The resulting solution had an odor of thiol.   
XAS Data Analysis. Data were collected and analyzed by our 
collaborators Marco Salomone-Stagni and Wolfram Meyer-Klaucke at Wiggler 
station 7-3 (SSRL, Menlo Park, CA, USA)  The results shown in Table 3.3 and 
Figures 3.10 and 3.11 are from these collaborators. 
Note on High Pressure Reactions.  The high pressure carbonylation 
reactions were performed in the 1600-1800 psi range for CO.  Early in this work 
the carbonylation was performed at room temperature and found to require ~24 
h.  We then discovered the same reaction could be effected in 8 h at 60 ºC.  The 
reaction vessel was degassed prior to heating by 3 cycles of filling the vessel to 
~1800 psi CO for 5 min. and bleeding the line to ~100 PSI.  After the reaction 
vessel was filled and heated for ~30 min., we repressurized the vessel.  Initial 
pressure loss was attributed to gas slowly dissolving in the CH2Cl2 solution.  The 
work discussed in this chapter is focused on the SPh derivative, but it is possible 
that other derivatives, specifically SEt, would be carbonylated to monomer in 
acceptable timeframes using the higher temperature method. 
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Chapter 4 
Half-Sandwich Complexes of Hydroxypyridine Acetic Acid and Related 
Pyridine Ligands  
 
Introduction 
We have already described the synthesis of structural models for the Fe 
cofactor of Hmd, providing support for the structure reported in 2009.  This 
structure, which features an Fe-acyl linkage, is now generally accepted (Chapter 
3).1  Prior to the revision of the structure, the best interpretation of the 
crystallographic results indicated that Fe was bound to a pyridine acetic acid, as 
supported both by the X-ray crystallography and the characterization of the 
isolated GP cofactor.   
Early work on the nature of Hmd suggested that the enzyme was metal 
free.  This situation changed in 2004.2  It is only weakly inhibited by CO,  This 
metal-free theory was further supported by the lack of acid-labile sulfur, indicating 
the lack of iron-sulfur clusters in the enzyme.3  All other hydrogenases feature 
Fe-S clusters.   
The initial information was accurate with regards to the substrate and the 
stereochemistry of its reactions.  There is no dispute that Hmd catalyzes the 
reversible reduction of methenyltetrahydromethanopterin (methenyl-H4MPT
+)4 
with H2 to methylenetetrahydromethanopterin (methylene- H4MPT) (eq 4.1), and 
in the presence of the substrates methyleneH4MPT or methenylH4MPT
+, Hmd 
also catalyzes the exchange of D2 with H2O.  Thus, Hmd can be viewed as a 
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―third‖ hydrogenase, supplementing the well-known [NiFe]- and [FeFe]-
hydrogenases.5,6   
 
In more recent work, Thauer et al. demonstrated that Hmd consists of a 
38000 dalton homodimeric protein containing one organometallic cofactor per 
subunit.7  This cofactor features an Fe(CO)2 subunit (CO = 2011, 1944 cm
-1)8 
bound to an organic component, guanylylpyridone (GP), which was isolated and 
spectroscopically characterized (Figure 1).9  GP was isolated as a 3,5-
dimethylpyrid-2-one-4-ol-6-acetic acid group conjugated to a guanidine 
nucleotide through the 4-position.  This information was the starting point for our 
modeling.  It is now understood that Fe is not bound to carboxylate, but to acyl. 
The isolated carboxylic acid is a product of the hydrolysis of the Fe-acyl bond. 
 
 
Figure 4.1.  Structure of organic component, GP, of organometallic cofactor (left) 
and 2-hydroxypyridine/2-pyridone tautomers of the simplified analogue cmhpH2 
(right). 
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The heterocycle 6-carboxymethyl-4-methyl-2-hydroxypyridine (cmhpH2) is 
known10,11 and represents a simplified analogue of Hmd-pyridoneH2, bearing 
both the 2-hydroxyl and 6-carboxymethyl functionalities (Figure 4.1).  While early 
modeling by others focused on the formation of ferrous carbonyls with cis-
CO‘s,12,13 we sought to model the metal complexation of the GP cofactor.  Initial 
attempts to form cmhp(H) complexes with Fe carbonyls, Fe(CO)4X2 where X = 
Br, I, proved to be difficult with the unstable initial products resulting in insoluble 
solids that we were unable to characterize.  Herein, we describe an initial 
evaluation of the coordinating properties of this model cofactor using the 
simplified octahedral metal platforms provided by Cp*M2+ (M = Rh, Ir; Cp* = 
C5Me5).
14  The resulting adducts should approximate the environment provided 
by low-spin ferrous iron, as were likely to exist in the enzyme.15   
The coordination chemistry of 2-pyridones is well developed,16 but 
coordination of 2-pyridones bearing functionality is generally limited.  Intriguingly, 
Cp*IrIII complexes of 2-pyridones have recently been shown to catalyze 
hydrogen-transfer,17 which is relevant to the methanogenesis pathway (eq 4.1).  
We were particularly interested in the role of the hydroxyl group in promoting 
heterolytic cleavage of H2.  
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Results and Discussion 
 
We found that treatment of [Cp*MCl2]2 with cmhpH2 and base afforded 
excellent yields of the air-stable solids Cp*M(Hcmhp)Cl for M = Ir (1) and Rh (2) 
(eq 4.2).  The NMR spectra for the new complexes exhibited diastereotopic 
signals for the methylene group, consistent with complexation of both the 
heterocycle and the acetate arm.  As verified crystallographically, 
Cp*Rh(Hcmhp)Cl adopts a chiral ―piano-stool‖ structure with a chelating Hcmhp-.  
The presence of the intact 2-hydroxy group on the pyridine was confirmed 
crystallographically, indicating that the heterocycle is bound as the 2-
hydroxypyridine tautomer (Figure 4.2).  The O1-C11 and N1-C11 bond distances 
and the O1-C11-N1, O1-C11-C12 angles of the Hcmhp ligand also confirm the 
pyridine form.18  In the crystal, this hydroxy group forms an intermolecular 
hydrogen-bond to the carbonyl on the carboxylate of a neighboring complex with 
a O---O distance of 2.582(2) Å. 
84 
 
 
Figure 4.2. Molecular structure of 2 with thermal ellipsoids drawn at the 50 % 
probability level with methyl H‘s removed for clarity and Rh, Purple; Cl, Green; N, 
Blue; O, Red; C, Black. Selected bond distances and angles:  Rh1-N1 
2.1383(16), Rh1-O2 2.1223(14), Rh1-Cl1 2.4042(5), Rh1-Cp*(centroid) 1.771(2), 
O1-C11 1.326(2), N1-C11 1.349(3), O1-C11-N1 116.02(17), O1-C11-C12 
121.39(18). 
 
Complexes 1 and 2 exhibit good solubility in water and alcohols.  This 
hydrophilicity is proposed to arise from both the solvation of the 2-hydroxyl group.  
Another potentially contributing factor is the ability of the hydroxyl group to 
stabilize ligands that can participate in hydrogen-bonding, such as water.19  In 
aqueous solutions of 1, chloride is fully ionized as indicated by the finding that 
the 1H NMR spectrum was unaffected by the addition of AgPF6, i.e. chloride is 
ionized prior to the addition of a Ag+ source.  In contrast, similar complexes 
lacking the hydroxyl functionality Cp*Ir(paa)Cl (3) (paaH = 2-pyridylacetic acid) 
and Cp*Ir(pa)Cl (4) (paH = picolinic acid, C5H4N-2-CO2H)  require the addition of 
AgPF6 for complete conversion to the aqua complexes (Figure 4.3).  The Keq for 
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the ionization of Cl- for the iridium complexes in water is shown in figure 4.4. The 
rhodium and iridium complexes behaved similarly. 
 
 
Figure 4.3.  (left)  1H NMR spectrum of Cp*IrCl(paa) in D2O.  (right)  
1H NMR of 
Cp*IrCl(paa) after addition of AgPF6. 
 
 
Figure 4.4.  Keq values for the ionization of Cl
- in water for several Cp*Ir pyridine 
carboxylate complexes. 
 
We investigated the affinity of 1 and 2 for ligands that could serve as 
hydrogen-bond acceptors.  Treatment of 2 with 2-pyridone (hpH) in the presence 
of Et3N afforded the neutral complex Cp*Rh(cmhpH)(hp) (5).  The 
1H NMR 
spectra for 5 indicated the formation of a single species.  To further investigate 
the potential for hydrogen bonding, single crystals were grown.  Crystallographic 
analysis of the orange crystals revealed four molecules in the asymmetric unit, 
each of which was very similar exhibiting intramolecular hydrogen bonding 
Cp*Ir(N-O)Cl   +  H2O                       [Cp*Ir(N-O)(H2O)]
+  +  Cl-  (2)
K
   N-O                                     K    
2-picolinate                          1.4   
pyridine-2-acetate                0.53
cmhpH-                                 >30
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between the two pyridone-derived ligands (Figure 4.5).  The O---O separations in 
5 range from 2.327(18) to 2.480(17) Å, and is virtually the only difference 
between the four molecules (Table 4.1).  The short O---O distances are indicative 
of a strong hydrogen bond (a ―low-barrier hydrogen bond‖ or LBHB),20,21 and 
among the shortest O---O separations reported, especially for a coordination 
complex.22  Previous studies have shown that intramolecular LBHBs are favored 
when ΔpKa, the difference in the acidity of the hydrogen-bond donor and 
hydrogen bond acceptor, is ~0.  This aspect indicates, not surprisingly, that the 4-
methyl and 6-carboxymethyl substituents in H2cmhp have little effect on the pKa 
of the hydroxyl group relative to the parent 2-hydroxypyridine.  The C-O, N-C, 
and Rh-N distances, as well as the O-C-N and N-C-C angles for the 2hp and 
cmhp ligands are averaged between the pyridone and pyridine binding modes.  
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Figure 4.5. Structure of one of four similar molecules in the asymmetric unit of 5 
with Cp* protons removed for clarity and 50% probability ellipsoids. Selected 
bond distances and angles: Rh1-N1, 2.165(6); Rh1-N2, 2.178(6); O1-C11, 
1.286(9); O4-C19, 1.282(10); N1-C11, 1.357(9); N2-C19, 1.347(10); O1-C11-N1, 
120.5(8); O4-C19-N2, 121.4(9); N1-C11-C12, 120.5(8); N2-C19-C20, 119.0(9).  
O---O distances (O--H--O angles): 2.327(18), (171(4)), 2.348(17), (159(8)), 
2.384(17), (173(9)), 2.480(17), and (173(9)). 
 
The clearest characterization technique for a LBHB in solution is 1H NMR 
spectroscopy.REF  In compounds containing LBHB‘s, the chemical shifts of the 
participating proton range from 16 to 20.  The 1H NMR spectrum of 5 exhibits a 
singlet at δ 17.1 (CD2Cl2 soln) vs. δ 9.83 in 2, which lacks an LBHB.   Pyrazolate 
(pyz-) also replaced the chloride in 2 to give Cp*Rh(Hcmhp)(pyz) with a similarly 
strong hydrogen bond (δ 16.3). 
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Figure 4.6.  Demonstration of hydroxyl group role in hydrogen bonding with 
insets of the atypical shifts in the 1H NMR spectrum of 5 (red border) and 6 
(orange border) showing LBHB‘s. 
 
 
In view of the ability of the 2-hydroxy group to encourage the binding of 
hydrogen-bond acceptors (Figure 4.6) and in view of the biological function of 
Hmd as a hydrogen-transfer catalyst, we examined these Hcmhp-derived 
complexes to promote hydrogen transfer.  Iridium complexes are well known to 
promote hydrogen transfer reactions.23-26  Although the rhodium complex 2 is not 
sufficiently robust thermally, 1 is an excellent catalyst for the dehydrogenation of 
PhCH(OH)Me  to acetophenone (eq 4.3).  In terms of TON and catalyst 
longevity, 1 is superior to structurally related complexes lacking the 2-OH group 
(Table 4.1). 
NMe
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Cl
NMe
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N
NMe
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NMe
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Table 4.1.  Turn-over numbers (TON) and turn-over frequencies (TOF) for 
catalytic dehydrogenation of PhCH(OH)Me to PhC(O)Me (neat, 130 ºC) using 
0.10 mol % of 1 as catalyst. 
Catalyst precursor TON (24 h) TOF (2 h) 
Cp*Ir(Hcmhp)Cl 169 21 
Cp*Ir(C5H4N-2-CH2CO2)Cl 64 10 
Cp*Ir(C5H4N-2-CO2)Cl 8 Trace 
[Cp*IrCl2]2 24 2.7 
Cp*Ir(Hcmhp)Cl* 339 40 
* 2.4 mL 1-phenylethanol, 2.4 mL toluene, and 0.10 mol % Ir catalyst under reflux 
conditions 
 
Conclusions 
Our findings indicate that the 2-hydroxy substituent in Hcmhp- can 
significantly influence the reactivity of the sixth coordination site in octahedral 
complexes.  Although newer information suggests an acyl rather than 
carboxylate attached to pyridine and chelated to the Fe center in hmd, in Hcmhp- 
the chelating nature of the ligand constrains the orientation of this hydroxy 
substituent to be adjacent to the open coordination site in a similar fashion.27  
Hcmhp is well suited for intramolecular H-bonding but the H-bond acceptor 
should be in the plane of the Hcmhp (as it is in Hmd), whereas the Cp*Ir system 
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forces these ligands to be facial.  This research suggests the importance of the 
hydroxyl functionality should not be overlooked in newer models containing acyl 
ligands.  Currently even the best Fe acyl thiolate models lack this potentially 
important component.28-30  
 
Experimental Section 
General considerations.  Unless otherwise indicated, reactions were 
conducted using standard Schlenk techniques (N2) at room temperature with 
stirring.  cmhpH2 was synthesized according to a modification of the literature 
preparation (given below).31  The proposed structure was confirmed by 1H NMR.  
Attempts to prepare cmhpH2 by the method of Shaw et al. were unsuccessful.
32  
2-hydroxypyridine, pyrazole, Et3N, picolinic acid, 2-pyridylacetic acid 
hydrochloride, and AgPF6 were purchased from Aldrich.  DL-1-phenylethanol 
was obtained from Alfa-Aesar.  Electrospray ionization-mass spectra (ESI-MS) 
were acquired using a Micromass Quattro QHQ quadrupole-hexapole-
quadrupole instrument.  1H NMR was acquired on Varian UNITY INOVATM 
500NB and UNITY 500 NB instruments.  Elemental analyses were performed by 
the School of Chemical Sciences Microanalysis Laboratory utilizing a Model CE 
440 CHN Analyzer. 
cmhpH2.   A solution of 10 mL (79 mmol) of ethyl 3-aminocrotonate in 20 
mL of Et2O was purged with HCl at 0 °C.  Upon formation of an off-white 
precipitate, the addition of HCl was stopped.  A second 10-mL portion (79 mmol) 
of ethyl 3-aminocrotonate in 20 mL of Et2O was added, and the combined slurry 
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was thoroughly stirred for 5 min.  Ether was removed by vacuum to give a cloudy 
yellow oil, which was heated at 120 °C.  Crystals formed (presumably NH4Cl) and 
the oil thickened.  The residue was washed with 40 mL of water and 40 mL of 
Et2O, leaving ~7.6 g of an off-white solid.  This solid residue was extracted into a 
solution of 1.65 g (41 mmol) of NaOH in 50 mL of H2O.  The solution was 
neutralized to pH 7 by the addition of HCl, whereupon a colorless precipitate 
formed.  The precipitate was collected by filtration and washed with 30 mL of 
EtOH, leaving white crystals.  Yield: 3.52 g (21 mmol, 26%).  1H NMR (500 MHz, 
DMSO):  2.04 (s, 3H, 4-CH3), 3.14 (s, 2H, CO2CH2), 5.73 (s, 1H, aryl-CH), 5.86 
(s, 1H, aryl-CH), 12.18 (s, 1H, OH) exchanged in D2O. 
Cp*IrCl(cmhpH) (1).  A colorless solution of 0.109 g (0.65 mmol) of 
cmhpH2 and 91 µL (0.65 mmol) of Et3N in 3 mL of MeCN was transferred to an 
orange solution of 0.260 g (0.32 mmol) of  (Cp*IrCl2)2 in 2 mL of MeCN.  The 
reaction solution became yellow and a yellow precipitate appeared upon stirring 
1 h.  The bright yellow powder was collected by filtration and washed with 5 mL 
cold MeCN and 5 mL Et2O.  Yield: 300 mg (0.57 mmol) (87%).  
1H NMR (500 
MHz, CD2Cl2): 1.58 (s, 15 H, Cp*), 2.39 (s, 3H, 4-CH3), 3.64 (q, 2H, CO2CH2), 
6.71 (s, 1H, aryl-CH), 6.79 (s, 1H, aryl-CH), 9.46 (s, 1H, OH) exchanged in D2O.  
Anal. Calcd for C18H23ClIrNO3 (found): C, 40.86 (40.64); H, 4.38 (4.27); N, 2.65 
(2.80).  
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Figure 4.7.  1H NMR spectrum of 1 in CD2Cl2. (inset) Methylene signals showing 
bound chelate ring. 
 
Cp*RhCl(cmhpH) (2).  This compound was prepared similarly to 1.  
Orange powder.  Yield: 80%.  1H NMR (500 MHz, CD2Cl2): 1.60 (s, 15 H, Cp*), 
2.39 (s, 3H, 4-CH3), 3.67 (q, 2H, CO2CH2), 6.68 (s, 1H, aryl-CH), 6.78 (s, 1H, 
aryl-CH), 9.83 (s, 1H, OH) exchanged in D2O.  Anal. Calcd for C18H23ClNO3Rh 
(found): C, 49.16 (48.96); H, 5.27 (5.27); N, 3.19 (3.37).  Single crystals of 2 
suitable for X-ray diffraction were obtained by diffusion of Et2O into a 
concentrated solution of 2 in MeOH. 
Cp*IrCl(paa), (3) paaH = 2-pyridylacetic acid.  A mixture of 199 mg 
(0.25 mmol) of (Cp*IrCl2)2, 86.8 mg (0.50 mmol) of paaH
.HCl, and 69.1 mg (0.50 
mmol) K2CO3 was stirred in 10 mL of 1:1 MeOH:H2O for 45 min. by which time 
the orange color disappeared.  Upon concentrating the solution to 2 mL, a yellow 
precipitate appeared.  The solid was collected by filtration and washed with 5 mL 
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Et2O.  Yield: 191 mg (0.383 mmol, 77%).  
1H NMR (500 MHz, CD2Cl2): 1.58 (s, 
15 H, Cp*), 3.61 (d, 1H, 14.7 Hz, CO2CHH), 3.77 (d, 1H, 14.7 Hz, CO2CHH), 
7.31 (d of t, 1H, 0.8 Hz, 6 Hz, NCHCH), 7.35 (d, 1H, 8 Hz, NCCH), 7.76 (d of t, 
1H, 2 Hz, 8 Hz, NCCCH), 8.69 (d of d, 1H, 1 Hz, 6 Hz, NCH).  Anal. Calcd for 
C17H21ClIrNO2 (found): C, 40.92 (40.78); H, 4.24 (3.92); N, 2.81 (2.79). 
Cp*IrCl(pa), (4) (paH = picolinic acid).  A mixture of 79.7 mg (0.10 mmol) 
of (Cp*IrCl2)2, 24.6 mg (0.10 mmol) of paH, and 27.6 mg (0.10 mmol) of K2CO3 
was stirred in 8 mL of 1:1 MeOH:H2O for 45 min. (until orange color 
disappeared).  The solution was concentrated to 2 mL under vacuum with 
formation of a yellow precipitate.  The solid was collected by filtration and 
washed with 5 mL of Et2O.  Yield: 74 mg (0.153 mmol, 76% yield).  
1H NMR (500 
MHz, CDCl3): 1.70 (s, 15 H, Cp*), 7.55 (d of t, 1H, 1.5 Hz, 5.5 Hz, NCHCH), 
7.94 (d of t, 1H, 1.4 Hz, 8 Hz, NCCCH), 8.13 (d of d, 1H, 0.7 Hz, 8 Hz, NCCH), 
8.69 (d of d, 1H, 0.6 Hz, 5 Hz, NCH).  Anal. Calcd for C16H19ClIrNO2 (found): C, 
39.62 (39.40); H, 3.95 (3.81); N, 2.89 (2.84).  
General Procedure for Treatment of Cp*RhCl(cmhpH), 
Cp*IrCl(cmhpH), Cp*IrCl(paa),  and Cp*IrCl(pa)  with AgPF6 in D2O.  10 mg 
(0.023 mmol) Cp*RhCl(cmhpH) was dissolved 0.7 mL of D2O in an NMR tube.  
The 1H NMR spectrum was recorded.  The sample was treated with 6.3 mg 
(0.025 mmol) of AgPF6, giving an immmediate white precipitate.  A 
1H NMR 
spectrum was recorded once more.  
Cp*Rh(MeCN)(cmhpH)][PF6].  A solution of 114 mg (0.45 mmol) of 
AgPF6 in 8 mL of MeCN was added to a mixture of 200 mg (0.45 mmol) of 2 in 3 
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mL of MeCN.  A white precipitate formed immediately.  The orange solution was 
filtered, and solvent removed by vacuum.  Orange microcrystals were obtained 
by recrystallization from 2 mL of MeCN and 10 mL of a 1:1 Et2O: hexanes 
mixture.  Solid was dried by vacuum. Yield: 222 mg (0.38 mmol, 85%).  1H NMR 
(500 MHz, CD3CN): 1.625 (s, 15 H, Cp*), 1.737 (s, 3H, CH3CN) exchanged with 
CD3CN, 2.324 (s, 3H, 4-CH3), 3.53 (d, broad, 2H, CO2CH2), 6.737 (s, 1H, aryl-
CH), 6.797 (s, 1H, aryl-CH).  ESI-MS: m/z = 445.3 ([Cp*Rh(MeCN)(cmhpH)]+), 
404.3([Cp*Rh(cmhpH)]+), 401.3([Cp*Rh(MeCN)(cmhpH-CO2)]
+), 
360.3([Cp*Rh(cmhpH-CO2)]
+). 
 
Figure 4.8.  ESI-MS of Cp* Rh(MeCN)(cmhpH) (m/z = 445.3, 
[Cp*Rh(MeCN)(cmhpH)]+; 404.3, [Cp*Rh(cmhpH)]+; 401.3, 
[Cp*Rh(MeCN)(cmhpH-CO2)]
+; 360.3, [Cp*Rh(cmhpH-CO2)]
+) in MeCN showing 
signals due to fragmentation by loss of CO2 and MeCN. 
 
Cp*Rh(hp)(cmhpH).1.5 MeCN (5).  A solution of 19.3 mg (0.20 mmol) of 
2-hydroxypyridine and 28 µL (0.20 mmol) of Et3N in 5 mL of CH2Cl2 was 
transferred to an orange solution of 90 mg (0.20 mmol) of 2 in 3 mL of CH2Cl2.  
The solution darkened and was stirred 10 min.  Et3NHCl was removed by 
extraction with water 3 x 3 mL (under vigorous mixing all products dissolve in 
water layer).  The organic phase was evaporated, and the product was extracted 
into 1 mL of MeCN, and this extract was diluted with 10 mL of a 1:1 
m/z 
360 370 380 390 400 410 420 430 440 450 460 
% 
 
360.3 
404.3 
401.3 361.3 445.3 
405.3 
446.3 
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Et2O/hexanes and stored at -20 °C for 24 h.  Solvent was decanted from the red 
crystals (some of which were suited for X-ray diffraction).  Yield: 50.3 mg (0.20 
mmol, 50%).  1H NMR (500 MHz, CD2Cl2): 1.46 (s, 15 H, Cp*), 2.16 (s, 3H, 4-
CH3), 3.50 (d, 1H, 15 Hz, CO2CHH), 3.55 (d, 1H, 15 Hz, CO2CHH), 6.30 (s, 1H, 
cmhpH-aryl-CH), 6.34 (s, 1H, cmhpH-aryl-CH), 6.61 (d of t, 1H, 6 Hz, 1 Hz, hp-
NCCH), 6.68 (d, 1H, 8 Hz, hp-NCOCH), 7.461 (d of t, 1H, 7 Hz, 2 Hz, hp-
NCOCCH), 8.32 (d, 1H, 5 Hz, hp-NCH) 17.1 (s, 1H, OH…O; this signal 
disappeared upon addition of D2O).  
Cp*Rh(C3H3N2)(cmhpH) (6).  A solution of 8.5 mg (0.128 mmol) of 
pyrazole and 18 µL (0.128 mmol) of Et3N in 5 mL of CH2Cl2 was transferred to an 
orange solution of 56.4 mg (0.128 mmol) of 2 in 5 mL of CH2Cl2.  After stirring for 
30 min. the solution was extracted three times with 5 mL of water.  Solvent was 
removed by vacuum, and the product was extracted into ~1mL of CH2Cl2.  The 
product precipitated from solution upon addition of 10 mL of 1:1 Et2O/hexanes.  
Yield: 28 mg (0.059 mmol, 46 %).  1H NMR (500 MHz, CD2Cl2): 1.52 (s, 15 H, 
Cp*), 2.12 (s, 3H, 4-CH3), 3.32 (d, 1H, 14 Hz, CO2CHH), 3.55 (d, 1H, 14 Hz, 
CO2CHH), 6.07 (s, 1H, cmhpH-aryl-CH), 6.15 (d, 1H, 1 Hz, cmhpH-aryl-CH), 6.39 
(q, 1H, 2Hz, pyrazolate-CCHC), 7.61 (d, 1H, 1 Hz, pyrazolate-NCH), 7.67 (s, 1H, 
pyrazolate-NCH), 16.3 (s, 1H, OH…O; this signal disappeared upon addition of 
D2O). 
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Figure 4.9.  Example 1H NMR spectrum for analysis of catalytic 1-phenylethanol 
dehydrogenation in CDCl3. 0.1 mL of reaction mixture was diluted in CDCl3 from 
reaction of 2.4 mL 1-phenylethanol, 2.4 mL toluene, and 0.10 mol % Ir catalyst 
under reflux conditions after 24 h.  
 
Dehydrogenation of 1-Phenylethanol.  In a typical procedure, a mixture 
of 3.4 mg (0.0060 mmol) of Cp*IrCl(cmhpH) in 725 µL (6.00 mmol) of DL-1-
phenylethanol was heated by oil bath at 130 °C.  After 2 h, 50 µL of reaction 
mixture was removed, diluted with CDCl3 and the ratio of PhCOMe/PhCHOHMe 
was analyzed by 1H NMR spectroscopy(See Figure 4.9). 
X-ray Cystallography of compounds Cp*RhCl(cmhpH).  Structure was 
phased by direct methods.  Systematic conditions suggested the unambiguous 
space group Pbca.  The space group choice was confirmed by successful 
convergence of the full-matrix least-squares refinement on F2.  The highest 
peaks in the final difference Fourier map were in the vicinity of atom Rh1; the 
final map had no other significant features.  A final analysis of variance between 
observed and calculated structure factors showed no dependence on amplitude 
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or resolution.  This model converged with wR
2 = 0.064 and R1 = 0.025 for 227 
parameters with no restraints against 5794 data.  The hydroxyl H atom surfaced 
in a late difference Fourier map and its position was refined with an independent 
isotropic displacement parameter.  Methyl H atom positions, R-CH3, were 
optimized by rotation about R-C bonds with idealized C-H, R--H and H--H 
distances. Remaining H atoms were included as riding idealized contributors.  
Methyl H atom U's were assigned as 1.5 times Ueq of the carrier atom; remaining 
H atom U's were assigned as 1.2 times carrier Ueq. 
Crystallography of Cp*Rh(hp)(cmhpH). Structure was phased by direct 
methods.  Systematic conditions suggested the ambiguous space group Ia.  The 
space group choice was confirmed by successful convergence of the full-matrix 
least-squares refinement on F2.  The highest peaks in the final difference Fourier 
map were in the vicinity of the four independent Rh atoms; the final map had no 
other significant features.  A final analysis of variance between observed and 
calculated structure factors showed no dependence on amplitude or resolution.  
The structure was refined in the alternate I-centered lattice to simplify the 
treatment of general and racemic twinning.  The proposed model was 
complicated by numerous restraints, but efforts to find a super lattice were not 
successful.  The proposed model includes four equivalent host molecules and six 
idealized acetonitrile solvates refined against 17651 unique unmerged reflections 
using general and racemic twinning in space group Ia.  Owing to high correlation 
coefficients, the four independent host molecules were restrained to equivalent 
geometry using effective standard deviations of 0.01 and 0.02 % for bond lengths 
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and angles, respectively.  Displacement parameters for atoms separated by less 
than 1.7 % were restrained to similar, symmetrical amplitudes (esd 0.01).  
Hydroxyl H atom positions, R-OH, were restrained to optimize the intramolecular 
hydrogen bond between atoms O1 and O4.  Remaining H atoms were included 
as riding idealized contributors.  Methyl and hydroxyl H atom U's were assigned 
as 1.5 times Ueq of the carrier atom; remaining H atom U's were assigned as 1.2 
times carrier Ueq.  The fractional contribution of the racemic twin was based on 
7628 unmerged Friedels. 
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Chapter 5 
Organoiridium Pyridonates and Their Role in the Dehydrogenation of 
Alcohols 
 
Introduction 
 The coordination chemistry of the tautomeric pair 2-hydroxypyridine/2-
pyridone  is well established1,2 and is rich with opportunities for catalytic reactions 
that would benefit from the these bifunctional ligands in proton transfer reactions.  
Ligand facilitated proton-transfer is pervasive in bioinorganic and organometallic 
chemistry, being recently highlighted through studies of the [FeFe]-
hydrogenases3 and alkyne hydration,4 respectively.  The discovery of a derivative 
of a 2-pyridonate ligand at the active site of the hydrogenase enzyme Hmd5 has 
enhanced interest in complexes containing both 2-pyridone and hydride ligands.  
Specifically, the active site of Hmd features an N-bonded 2-
pyridone/hydroxypyridine ligand adjacent to the coordination site proposed for 
the hydride substrate.6  Furthermore, the oxygen center of the 
pyridone/hydroxypyridine projects toward that coordination site (5.1).7,8  It is likely 
that the 2-oxo functionality on the pyridyl ring participates in the hydrogen 
transfer reactions catalyzed by this enzyme.9 
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Figure 5.1.  Structure of the dithiothreitol modified active site of Hmd, showing 
the binding of the pyridone/pyridinol cofactor. 
 
Both members of the tautomeric pair 2-hydroxypyridine/2-pyridone are 
known to serve as unidentate ligands, binding metals through N or O.2  Although 
complexes with O-bonding are more common with hard metals, e.g. [Fe(O-2-
C5H4NH)6]
2+,10 softer metals prefer N-bonded 2-hydroxypyridine (2-hpH).11  The 
ligand properties of the pyridonate anion are usefully referenced to the behavior 
of carboxylates.  With a pKa of 17.0 (DMSO),
12 2-hydroxypyridine is much less 
acidic than acetic acid (pKa 12.3, DMSO
13).  Pyridonate can serve either as an O- 
or an N-bonded ligand,14 the latter being more common for soft metals, e.g. 
Ru(NC5H4O)2(terpy)(H2O).
15,16  Most commonly, pyridonates serve as N,O-
bridging ligands in polymetallic compounds.1,17-20  Monometallic complexes of 
bidentate pyridonates, i.e. 2-pyridonates, are rarer.21-24 
 The hydroxyl substituent of 2-pyridinols is known to interact with anionic 
ligands via hydrogen-bonding.  For example, hydrogen-bonding between 2-
pyridinol and hydride ligands is well known through the studies of Crabtree and 
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Morris.25,26  2-Hydroxypyridine is also known to form hydrogen bonds to halide 
and other ligands (eq 5.1).27  More complicated ligands that incorporate the 2-
pyridone functionality also participate in intramolecular H-bonding.28-30  
 
 Yamaguchi et al. reported that the complex Cp*Ir(2-hp)Cl is especially 
active for the dehydrogenation of secondary alcohols.31  These species were 
found to catalyze the (acceptorless) dehydrogenation of 1-phenylethanol with 
TON‘s of up to 700 in refluxing toluene.  In terms of activity for alcohol 
dehydrogenation, Cp*Ir(2-2-pyridone)Cl is one of the best (Table 5.1).32-38  
Dehydrogenation was proposed to proceed via ring-opening of the Ir(2-2-
pyridinoate) center to give a pyridinol-alkoxide complex that undergoes -hydride 
elimination.31  Pursuant to our interests in transfer hydrogenation,39,40 we sought 
further insight into the Cp*Ir-2-pyridonate system with the goal of identifying 
intermediates and improving the efficiency of the catalyst. 
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Table 5.1  Reported Homogeneous Catalysts for Alcohol Dehydrogenation.a 
Catalyst Alcohol TON (24h) Special notes Ref. 
CpRuCl(PPh3)2 PhCH(OH)Me 3.2 5 mol% Ru cat. PhMe 110 
o
C 33 
(Indenyl)RuCl(PPh3)2 PhCH(OH)Me 4.4 5 mol% Ru cat. PhMe 110 
o
C 33 
[(Benzene)RuCl2]2 PhCH(OH)Me 4.8 5 mol% Ru cat. PhMe 110 
o
C 33 
[(p-Cymene)RuCl2]2 PhCH(OH)Me 11.6 5 mol% Ru cat. PhMe 110 
o
C 33 
PhCH=Ru(PCy3)2Cl2 PhCH(OH)Me 14.2 5 mol% Ru cat. PhMe 110 
o
C 33 
Ru(Imes)(PPh3)2CO(H)2 PhCH(OH)Me 3.4 5 mol% Ru cat. PhMe 110 
o
C 33 
[(p-cymene)RuCl2]2 + 6 PPh3 PhCH(OH)Me 18 5 mol% Ru cat. PhMe 110 
o
C 33 
[Ru(u-OCO-C2F4-
OCO)(CO)(H2O)(dppp)]2 
PhCH(OH)Me 197 0.4 mol% Ru cat. p-xylenes 130 
o
C 34 
[Ru(u-OCO-C2F4-
OCO)(CO)(H2O)(dppb)]2 
PhCH(OH)Me 178 0.4 mol% Ru cat. p-xylenes 130 
o
C 34 
[Ru(u-OCO-C2F4-
OCO)(CO)(H2O)(dppf)]2 
PhCH(OH)Me 350 0.2 mol% Ru cat. p-xylenes 130 
o
C 34 
[Ru(u-OCO-C2F4-
OCO)(CO)(H2O)(rac-BINAP)]2 
PhCH(OH)Me 203 0.4 mol% Ru cat. p-xylenes 130 
o
C 34 
[Ru(u-OCO-C2F4-
OCO)(CO)(H2O)(PPh3)2]2 
PhCH(OH)Me 50 0.4 mol% Ru cat. p-xylenes 130 
o
C 34 
IrH5(iPr3P)2 PhCH(OH)Me 91 1 mol% cat. 28h Me3Si2O 100 
o
C 35 
[(p-Cymene)RuCl2]2 + 
Me2NCH2CH2OH 
PhCH(OH)Me 10.8 (6 h) 5mL alcohol 20.5 mmol cat. 90 
o
C 36 
[(p-Cymene)RuCl2]2 + 
Me2NCH2CH2OH 
IPA 204 (6 h) 5mL alcohol 20.5 mmol cat. 90 
o
C 36 
Cp*IrCl2(2-hpH) PhCH(OH)Me 700 (20h) 0.1 mol% Ir cat.  PhMe 110 
o
C 31 
a Catalyst systems that require large quantities of basic or acidic media and 
systems for primary alcohol dehydrogenation were omitted for this 
comparison.37,38   
 
Results 
 Hydrides Derived from Cp*Ir(2-2-pyridonate)Cl.  The relevant catalysts 
or precatalysts are Cp*Ir(1-2-hydroxypyridine)Cl2 and Cp*Ir(
2-2-pyridonate)Cl 
(1).  In the presence of a base (K2CO3), the dichloride was found to give the 
same results as 1, which was the starting point for our studies.1*  Treatment of 
                                                 
*
The related pyridonate complex (cymene)Ru(
2
-2-pyridonate)Cl(17) Lahuerta, P.; Latorre, J.; 
Sanau, M.; Cotton, F. A.; Schwotzer, W. Polyhedron 1988, 7, 1311-1316. was found to be 
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solutions of 1 with secondary alcohols was found to give hydrides.  For example, 
a CD2Cl2 solution of 1 with 5x excess PhCH(OH)Me at 25 ºC initially gives a 
transient hydride, previously unobserved, which converted cleanly to a more 
stable hydride over the course of several hours (Figure 5.2).  ESI-MS analysis of 
reaction mixtures indicated that the stable hydride has the formula [Cp*2Ir2(-
H)2(-2-hp)]
+ ([2]+). 
 
Figure 5.2. 1H NMR spectrum in the hydride region of a CD2Cl2 solution of 1 and 
5 equiv of PhCH(OH)Me at room temperature.  The initial 1H signal at -15.8 is 
for 3.  After 240 h, 1 is converted to give over 95% [2]+ (-15.8). 
 
 
  
[Cp*2Ir2(-H)2(-2-hp)]Cl ([2]Cl) was independently generated by treatment 
                                                                                                                                                 
inactive. For the C6H6 derivative, see Morrison, E. C.; Palmer, C. A.; Tocher, D. A. J. Organomet. 
Chem. 1988, 349, 405-11. 
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of Cp*2Ir2H2Cl2 with the Na2-hp.  Its unsymmetrical structure is indicated by two 
equally intense 1H NMR signals assigned to the nonequivalent Cp* ligands.  
Anion exchange with aqueous NaPF6 converted the chloride salt into [2]PF6, 
which was obtained in analytical purity.  Crystallographic analysis confirmed that 
the cation in [2]PF6 is unsymmetrical with thepyridonate ligand bridging the two Ir 
centers (Figure 5.3).  The structure is related to the symmetrical compound 
[Cp*2Rh2H2(-OAc)]PF6 (rRh-Rh = 2.60(1) Å),
41 but the dihedral angle (between the 
Cp* groups) is smaller.  In [Cp*2Ir2H3]NO3 ([4]NO3) the Cp* groups are 
perpendicular to the Ir---Ir vector.42  
 
Figure 5.3.  Structure of the cation in [2]PF6 with methyl and aryl-H‘s 
removed for clarity: Ir, green; O, red; N, blue; C, black.  Selected bond 
lengths [Å] and angles [°]: Ir(1)-N(1), 2.095(9); Ir(1)-N(1B), 2.101(9); Ir(1)-
H(1A), 1.59(6); Ir(1)-H(1B), 1.73(7); Ir(2)-O(1), 2.033(6); Ir(2)-H(1A), 
1.74(7); Ir(2)-H(1B), 1.59(6); Ir(1)-Ir(2), 2.675(3); Cpcentroid-Ir(1), 1.836; 
Cpcentroid(B)-Ir(1), 1.814; Cpcentroid-Ir(2), 1.807; Cpcentroid(B)-Ir(1), 1.792; Ir(1)-
Ir(2)-H(1A), 35(2); Ir(1)-Ir(2)-H(1B), 38(2). 
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Figure 5.4.  1H NMR spectrum of the products of catalytic hydrogenation of 40 
equiv of 1 by Cp*Ir(TsDPEN-H) + MeOH in CD2Cl2 solution, after 3 weeks.  The 
intense peak at 1.54 corresponds to the Cp* peak of 3, with the hydride signal at 
-15.8. 
 
The transient hydride observed in all reactions of 1 with hydrogen donors 
is proposed to be the 2-hydroxypyridine complex Cp*IrHCl(2-hpH) (3).  The 
compound was not isolated in pure form, but the 1H NMR data are consistent 
with the proposed stoichiometry (Figure 5.4).  Compound 3 was independently 
generated by treatment of 1 with the transfer hydrogenation catalyst 
Cp*IrH(TsDPENH).43  This process occurs rapidly even below 0 ºC (eq 5.3).  In 
the presence of excess MeOH, Cp*IrH(TsDPENH) (as well as 
(cymene)RuH(TsDPENH)) slowly catalyzes this same conversion, the slow step 
being the regeneration of Cp*IrH(TsDPENH).  Addition of Et3N to a solution of 3 
results in its complete and immediate formation of [2]+.  We also found that 
solutions of 3 react with PPh3 to give Cp*IrClH(PPh3) (eq 5.4). 
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Cp*IrClH(2-hpH)  +  PPh3       Cp*IrClH(PPh3)  +  2-hpH          (5.4) 
 
The fate of 1 was determined under conditions approaching those for 
catalysis (100 ºC with 5 equiv of PhCH(OH)Me vs refluxing toluene and 1000 
equiv of PhCH(OH)Me) (Figures 5.5, 5.6).  We observed the initial formation of a 
small quantity of 3 followed within minutes by the appearance of [2]+ as the 
predominant species, which persisted for hours at 100 ºC.  In contrast to its rapid 
reaction with PhCH(OH)Me, it is interesting neither phenol nor 2,4-dinitrophenol 
react with 1, thus proton-induced ring-opening is not facile.  Similarly, 1 is 
unreactive toward methanol (25 ºC, 24 h). 
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Figure 5.5.  1H NMR spectrum in the hydride region for a toluene-d8 solution of 1 
+ 5 1-phenylethanol at 100 ºC over 70 minutes.  The initial hydride signal at -
15.9 is from 3.  The signal at -13.8 is from [2]+ and is the largest signal after 15 
minutes.  Under normal catalytic conditions, the 5 equivalents of 1-phenylethanol 
would be dehydrogenated after ~ 6 minutes. 
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Figure 5.6.  1H NMR spectra in the Cp* region for a toluene-d8 solution of 1 + 5 
1-phenylethanol at 100 ºC.  The large doublet near 1.27 is the methyl signal for 
1-phenylethanol.  The Cp* signal for 3 is under this methyl signal.  The signals at 
1.44 and 1.37 are from [2]+, which is precipitating due to low solubility in toluene 
and low alcohol concentration.  The large signal at 1.55 is from the formation of 
Cp*Ir(2hp)2.  The formed solids were collected and shown to be [2]
+. 
 
Solutions of 1 in CD2Cl2 were also found to react readily with H2, 3 again 
being the first detectable hydride, which was observed after a few seconds at -30 
ºC and 1 atm H2.  Conversion of 1 was complete within minutes at room 
temperature, the main product being [2]+ together with a trace of Cp*2Ir2H2Cl2, as 
observed by Yamaguchi under similar conditions.44  Upon prolonged exposure of 
these solutions to H2, only [2]
+ and [Cp*2Ir2H3]
+ ([4]+) (-15.5, s) were observed 
(Figure 5.7, 5.8). 
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Figure 5.7. 1H NMR spectra in the hydride region for a CD2Cl2 solution of 1 with 
66 mm Hg of H2 at room temperature.  The initial signal at -15.8 is for 3.  After 
330 h, the major hydride signal (-14.1) corresponds to [2]+. 
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Figure 5.8. Cp* region of 1H NMR spectra of 1 under 66 mm Hg H2 at room 
temperature.  The initial 1H signal at 1.72 is for 1.  The signal at 1.54 
cooresponds to 3.  After 330 h, the major Cp* signals at 1.92 and 1.98 
correspond to [2]+.  The intense signal at 1.67 is from to Cp*Ir(2hp)2, which 
arises from the reaction of 2-hpH + 1. 
 
 Catalytic Role of 2+.  We assessed the relative activity of several Cp*Ir-
hp complexes for the catalytic dehydrogenation of PhCH(OH)Me (Table 5.2).  
Compound 1 was found to be superior to [2]Cl, but both were far more active 
than related compounds.  Striking was the finding that [2]PF6 is a very poor 
catalyst, even though [2]+ is the dominant species in solutions of active catalysts 
(see above).  19F NMR analysis of a catalytic run after 21 h verified that the 
majority (~95%) of the PF6
- remained intact, thus the inactivity of [2]PF6 is not 
attributable to degradation of the counterion.  Addition of PPNCl (PPN+ = 
N(PPh3)2
+) to this solution gave activity comparable to  [2]Cl 
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(Table 5.2)(Figure 5.9).  
Table 5.2.  Turnover Numbers (TON) for Various Catalysts for Conversion of 
PhCH(OH)Me into PhC(O)Me.  Conditions: 6 mL of toluene, 2.4 mL of 1-
phenylethanol, 0.1 mol% Ir complex, reflux. 
Catalyst TON 5 h TON 21 h 
Cp*IrCl(2-hp) (1) 237 571 
Cp*IrCl(2-hp) (1) +  5 equiv 2-hpH 253 640 
[(Cp*IrH)2(2-hp)]Cl ([2]Cl) 167 408 
[(Cp*IrH)2(2-hp)]PF6 ([2]PF6) 7 107 
[(Cp*IrH)2(OAc)]PF6 38 83 
[(Cp*Ir)2H3]PF6 ([4]PF6) 57 130 
Cp*2Ir2H2Cl2 44 114 
Cp*Ir(2-hp)2 23 167 
 
  
Figure 5.9.  TON (h-1) vs time for the dehydrogenation of PhCH(OH)Me (0.1 
mol % Ir, refluxing toluene) by  [2]PF6 before and after addition of 2 equiv of 
PPN+Cl- (at 21 h). 
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The addition of further equivalents of PPNCl, which has good solubility 
under catalytic conditions, had only a modest effect on catalysis by 1.  The 
addition of a five equiv excess of 2-hpH to 1, however, improves the stability of 
the catalyst system.  Greater excess of 2-hpH was found to suppress activity, 
which is consistent with our finding that the bis(pyridonate) Cp*Ir(2-2-hp)(1-2-
hp) is a poor catalyst (Figure 5.10).  
 
 
Figure 5.10.  Effects of the addition of PPNCl and 2hpH on the TON for 
dehydrogenation of PhCH(OH)Me by 1. 
 
PPh3 Derivatives.  Phosphine adducts of 1 were examined in order to 
expand the range of these unusual catalysts and prevent dimerization to species 
like 2+.  We found that Cp*IrCl2(2-hpH) reacts with PPh3 to give Cp*IrCl2(PPh3), 
consistent with the high lability of the 1-hpH ligand.  Treatment of 1 with PPh3 
cleanly gave Cp*IrCl(PPh3)(
1-2-hp) (5).  The 1H NMR signals at 5.6, 5.87, 6.78, 
and 8.12 are diagnostic for a N-bonded pyridonoate.45,46  Treatment of 5 with 
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AgPF6 effected closure of the pyridonate chelate ring to give [Cp*Ir(
2-2-
hp)(PPh3)]PF6 (6, eq 5.5).  Neither 5 nor 6 showed any reactivity toward H2 or 
toward PhCH(OH)Me. 
 
  The above experiments showed that PPh3 efficiently (i) replaces 2-
hydroxypyridine and (ii) opens the Ir(2-2-hp) chelate ring to produce stable 
adducts.  In view of these results, we repeated the experiments involving 
hydrogenation of 1 (-25 ºC, 1 atm H2) followed by quenching the mixtures with 
PPh3 after several minutes.  
31P NMR analysis of these reaction mixtures 
revealed the presence of significant amounts of Cp*IrHCl(PPh3) (Figure 5.11).  
This hydrido chloride is derived from displacement of 1-hydroxypyridine in the 
transiently formed 3, not by the relatively slow reaction of Cp*2Ir2H2Cl2 with 
PPh3.
47  We also observed Cp*IrCl2(PPh3) as well as Cp*IrCl(2-hp)(PPh3)(5), the 
latter arising from 1.  These same species were observed by addition of PPh3 to 
a cooled catalytic reaction mixture.  In such a case, a large amount of unreacted 
PPh3 was detected, reflecting the nonreactivity of 2
+ toward PPh3. 
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Figure 5.11.  31P NMR spectrum of the PPh3 trapped products obtained by the 
addition of 1 equiv of PPh3 to the reaction of 1 + H2 at -25 
oC in CH2Cl2 solution.  
PPh3 was added after 40 minutes and solution was stirred 20 min before a 0.8 
mL sample was removed and analyzed at room temperature . 
 
Complexes of Other Pyridones.  Given the high catalytic activities seen 
for 1, we examined related complexes using 6-methyl-2-hydroxypyridine (6-
mhpH) and 2,6-dihydroxypyridine.  The new complexes were prepared by 
combining Cp*2Ir2Cl4 with the sodium salts of these pyridonates.  The complex 
Cp*Ir(2-6-mhp)Cl (7)(Figure 5.12) was found to be spectroscopically similar to 1.  
We were unable, however, to prepare Cp*Ir(1-6-mhpH)Cl2, the analogue of 
Cp*Ir(1-2-hpH)Cl2, via cleavage of Cp*2Ir2Cl4 by 6-mhpH.  We conclude that the 
increased steric bulk of this ligand precludes 1-coordination.  Furthermore, 7 
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proved to be a poor catalyst for dehydrogenation of PhCH(OH)Me. 
 
Figure 5.12.  Molecular structures of complexes 7 and 8. 
 
Via a salt-elimination route, we prepared a species with the nominal 
formula Cp*Ir(C5H4NO2)Cl (8).  
1H NMR spectra even at –60 ºC indicated a 
symmetrical structure with signals at 4.36, 5.61, and 6.69 (Figure 5.13).  The 
low-field signal was found to rapidly exchange with D2O.  Single crystal X-ray 
diffraction of the derivative (CpMe4Et)Ir analogue of 8 established that this 
complex is better described as the allyl derivative Cp*Ir(3-2,6-pyridione)Cl 
(Figure 5.14).  The Ir1-C13 and Ir1-C16 distances of 2.219 and 2.227 Å are 
within the normal distances for an Ir(III)-allyl complex.  The Ir1-C12 distance of 
2.081 Å is the shortest Ir(III)-C bond among these structures, the closest 
example being Ir(3-C3H5)I[N(SiMe2CH2PPh2)2] with a C2-Ir 2.113 Å.
48 With a 
TON of 230 (standard conditions, 21 h), complex 8 is an effective catalyst (or 
precatalyst) for the dehydrogenation of PhCH(OH)Me, but it is inferior to 1. 
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Figure 5.13.  1H NMR spectrum of 8 in CD2Cl2 solution. 
 
Figure 5.14.  Crystallographically determined structure of (CpMe4Et)IrCl(
3-2,6-
dhpH) with Ir, green; Cl, orange; O, red; N, blue, C, black.  Selected bond 
distances (Å): Ir1-Cl1, 2.3919(12); Ir1-C12, 2.081(42); Ir1-C13, 2.219(4); Ir1-C16, 
2.227(4); C12-C13, 1.436(5); C12-C16 1.417(5); C13-C14 1.464(5); N1-C14 
1.387(5); N1-C15 1.391(4); C15-C16 1.463(5); C14-O2, 1.228 (4); C15-O1, 
1.229 (4); Cp Centroid – Ir1, 1.833 
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Conclusions 
 The 2-pyridone ligand gives Cp*Ir(III) complexes that are highly active for 
homogeneous catalytic dehydrogenation of alcohols.31  In this work we searched 
for the catalytically active species.  Our results show that the 2-pyridonate 
complex Cp*IrCl(2-2-hp) is highly reactive toward hydrogen donors, often under 
very mild conditions.  Under catalytic conditions, the dominant species in solution 
is the -pyridonato salt [Cp*2Ir2H2(2-hp)]Cl.  The pathway to [2]
+ presented in eq 
5.6 is consistent with our results. 
 
2 Cp*IrHCl(1-2-hpH)      [Cp*2Ir2H2(2-hp)]Cl  +  [2-hpH2]Cl    (5.6) 
  3    [2]Cl 
 
Required for this conversion is the high substitutional lability of the 2-hpH ligand 
in Cp*IrHCl(1-2-hpH) (3) as indicated in PPh3-trapping experiments.  Further 
evidence for the identity of 3 is provided by its formation by direct hydrogenation 
of 1, both catalytically and stoichiometrically, concomitant with the conversion of 
Cp*IrH(TsDPENH) into Cp*Ir(TsDPEN).  This conversion provides an unusual 
example of transfer of H2 between metal complexes. 
Although [Cp*2Ir2H2(2-hp)]
+ is the dominant complex in solution during 
catalysis, it is catalytically inactive.  Instead, in the presence of chloride, this 
diiridium cation converts to a highly active long-lived dehydrogenation catalyst.   
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Experimental 
General considerations.  Unless otherwise indicated, reactions were 
conducted using standard Schlenk techniques (N2) at room temperature with 
stirring.  Solvents were dried and degassed prior to use.  The following were 
prepared according to literature methods: Cp*Ir(2-2-hp)Cl,31 [Cp*2Ir2H3]PF6,
49 
Cp*2Ir2H2Cl2,
47 [Cp*2Ir2H2(-OAc)]PF6,
47 Cp*IrCl2(PPh3),
50 and Cp*2Ir2Cl4.
51  The 
reaction of Cp*2Ir2H2Cl2 with PPh3 to produce Cp*IrClH(PPh3) is much slower 
than originally described,47 requiring about 24 h for completion.  2-
Hydroxypyridine, 6-methyl-2-hydroxypyridine, 2,6-dihydroxypyridine 
hydrochloride, NaOMe, Et3N, and AgPF6 were purchased from Aldrich.  Racemic 
1-phenylethanol was obtained from Alfa-Aesar. 
Electrospray ionization-mass spectra (ESI-MS) were acquired using a 
Micromass Quattro QHQ quadrupole-hexapole-quadrupole instrument.  1H, 19F, 
and 31P NMR spectra were acquired on Varian UNITY INOVA TM 500NB and 
UNITY 500 NB instruments.  Elemental analyses were performed by the School 
of Chemical Sciences Microanalysis Laboratory utilizing a Model CE 440 CHN 
Analyzer. 
[Cp*2Ir2H2(-2-hp)]X ([2]Cl and [2]PF6). A solution of 400 mg (7.4 mmol) 
of NaOMe in 5 mL of MeOH was transferred to a solution of 704 mg (7.4 mmol) 
of 2-hpH in 5 mL of MeOH to give a clear, colorless solution.  Solvent was 
removed under vacuum at 60 ºC overnight to give an air-stable hygroscopic white 
powder, which was stored in a desiccator.  Yield: 774 mg (6.6 mmol, 89%).  1H 
NMR (500 MHz, CD3OD):  6.33 (t, 1H, 6.2 Hz, aryl-CH), 6.40 (d, 1H, 8.5 Hz, 
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aryl-CH), 7.35 (t, 1H, 8 Hz, aryl-CH), 7.67 (d, 1H, 5.4 Hz, aryl-CH).  A solution of 
24 mg (0.205 mmol) of Na2-hp in 2 mL of MeOH was transferred to a blue 
solution of 150 mg (0.205 mmol) of Cp*2Ir2H2Cl2 in 10 mL of CH2Cl2 to give an 
immediate red solution.  After stirring 5 min., the solvent was removed under 
vacuum.  The product was extracted into 10 mL of CH2Cl2, and the slurry 
cannula-filtered to remove NaCl.  The filtrate was concentrated to about 3 mL 
and diluted with hexanes to produce a brown powder.  Yield: 138 mg (0.176 
mmol, 86%).  1H NMR (500 MHz, CD2Cl2): -14.10 (s, 2H, Ir-H-Ir) 1.92 (s, 15 H, 
Cp*), 1.99 (s, 15 H, Cp*‘), 6.57 (t of d, 1H, 2 Hz, 6 Hz aryl-CH), 7.28 (m, 2H, aryl-
CH, aryl-CH‗), 8.33 (d, 1H, 6 Hz, aryl-CH).  ESI-MS: m/z = 750.2 ([Cp*2Ir2H2(2-
hp)]+).  Red crystals of [Cp*2Ir2H2(-2-hp)]PF6 precipitated upon the addition of 
0.5 mL saturated aqueous solution of NaPF6 to an acetone solution of [2]Cl.  The 
solid was filtered off, washed with water, and dried under vacuum overnight.  
Yield: 350 mg (0.39 mmol, 68%).  1H NMR (Figure 5.15) (500 MHz, CD2Cl2): -
14.10 (s, 2H, Ir-H-Ir), 1.92 (s, 15 H, Cp*), 1.99 (s, 15 H, Cp*‘), 6.57 (t of d, 1H, 2 
Hz, 6 Hz aryl-CH), 7.28 (m, 2H, aryl-CH, aryl-CH‗), 8.33 (d, 1H, 6 Hz, aryl-CH).  
ESI-MS: m/z = 750.2 [Cp*2Ir2H2(2-hp)]
+).  Anal. Calcd for C25H36F6Ir2NOP 
(found): C, 33.51 (33.37); H, 4.05 (3.97); N, 1.56 (1.63).  Crystals suitable for X-
ray diffraction were obtained by layering a solution of 60 mg of [3]PF6 in 2 mL of 
CH2Cl2 with 30 mL of Et2O.  Crystals grew over the course of 2 h at room 
temperature.  
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Figure 5.15.  1H NMR spectrum of a solution of [2]PF6 in CD2Cl2 solution. 
 
Cp*IrH(Cl)2-hpH) (3).  To a solution of 7.9 mg (0.017 mmol) of 1 in 0.8 
mL of CD2Cl2 was added 12.0 mg (0.017 mmol) of Cp*IrH(TsDPENH).  NMR 
analysis revealed the formation of Cp*Ir(TsDPEN) and an intense set of signals 
assigned to Cp*IrH(Cl)2-hpH).  1H NMR (500 MHz, CD2Cl2): -15.8 (s, 1H, Ir-H), 
1.54 (s, 15H, Cp*), 6.29 (t, 1H, 6 Hz, aryl-CH), 6.54 (d, 1H, 8 Hz, aryl-CH), 7.24 
(m, 1H, aryl-CH), 8.03 (d of d, 1H, 2 Hz, 6 Hz aryl-CH).  
Cp*Ir(2-hp)2.  A colorless solution of 88.2 mg (0.753 mmol) of Na2-hp in 6 
mL of MeOH was transferred to an orange solution of 150 mg (0.188 mmol) of 
(Cp*IrCl2)2 in 5 mL of CH2Cl2.  After stirring 1 h the solvent was removed by 
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vacuum.  The product was dissolved in 5 mL CH2Cl2 and filtered via filter cannula 
to remove NaCl.  The reaction solution was diluted with 25 mL of hexanes, and 
volume of the mixture was concentrated under vacuum to 10 mL to produce a 
yellow powder.  The product was collected by filtration over a medium glass frit in 
air and washed with 5 mL hexanes.  Yield: 142 mg (0.274 mmol) (73 %).  1H 
NMR (Figure 5.16) (500 MHz, CD2Cl2 25 ºC): 1.68 (s, 15 H, Cp*), 5.97 (d of d, 
1H, 2 Hz, 18 Hz, aryl-CH), 6.15 (t of d, 1H, 2 Hz, 13 Hz aryl-CH), 7.13 (t of d, 1H, 
5 Hz, 15 Hz, aryl-CH), 7.75 (d of d, 1H, 3 Hz, 12 Hz, aryl-CH).   
 
 
Figure 5.16.  1H NMR spectrum of Cp*Ir(2hp)2 at 22 °C in CD2Cl2 solution. 
 
Cp*Ir(2-hp)Cl(PPh3) (5).  A colorless solution of 329 mg (1.26 mmol) of 
PPh3 in 5 mL of CH2Cl2 was transferred to a clear orange solution of 574 mg 
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(1.26 mmol) of 1.  After stirring for 10 min, the reaction solution was concentrated 
under vacuum and diluted with hexanes to precipitate yellow crystals, which were 
dried under vacuum. Yield: 721 mg (1.01 mmol, 81%).  Alternatively, the product 
could be obtained by reaction of Cp*IrCl2(PPh3) with Na2-hp in similar yield.  
1H 
NMR (500 MHz, CD2Cl2): 1.35 (d, 15 H, 2 Hz, Cp*), 5.60 (d of d, 1H, 1.5 Hz, 8.7 
Hz, pyr-aryl-CH), 5.87 (t of d, 1H, 1.5 Hz, 6.5 Hz, pyr-aryl-CH), 6.78 (t of d, 1H, 
2.2 Hz, 7.5 Hz,  pyr-aryl-CH), 7.00 (m, 2H, Ph-CH), 7.14 (m, 3H, Ph-CH) , 7.33 
(m, 4H, Ph-CH), 7.45 (m, 4H, Ph-CH) , 7.97 (m, 2H, Ph-CH), 8.12 (d of d, 1H, 2 
Hz, 6 Hz, pyr-aryl-CH).  31P NMR (202 MHz, CD2Cl2):  6.53 (s, Ir-PPh3).  Anal. 
Calcd for C33H34ClIrNOP (found): C, 55.10 (54.96); H, 4.76 (4.71); N, 1.95 (2.10).  
 [Cp*Ir(2-2-hp)(PPh3)]PF6 (6).  A solution of 40 mg (0.158 mmol) of 
AgPF6 in 3 mL of CH2Cl2 was transferred to an orange solution of 114 mg (0.158 
mmol) of 5 in 4 mL of CH2Cl2 to give an immediate colorless precipitate.  The 
solution mixture was filtered via filter cannula to give a light orange solution, 
which was concentrated.  Yellow crystals were obtained upon addition of 
hexanes and were dried under vacuum.  Yield: 103 mg (0.125 mmol, 79%).  1H 
NMR (500 MHz, CD2Cl2):  1.45 (d, 15 H, x Hz, Cp*), 5.46 (d , 1H, 9 Hz, pyr-aryl-
CH), 6.52 (t of d, 1H, 1 Hz, 6.5 Hz, pyr-aryl-CH), 7.11 (t of d, 1H, 1.3 Hz, 8 Hz,  
pyr-aryl-CH), 7.41 (m, 12H, Ph-CH), 7.49 (m, 3H, Ph-CH), 7.77 (d of d, 1H, 0.8 
Hz, 5.8 Hz, pyr-aryl-CH).  31P NMR (202 MHz, CD2Cl2): 15.72 (s, Ir-PPh3), -
145.20 (p, 710 Hz, PF6) ESI-MS: m/z = 684.4 [Cp*Ir(2-hp)(PPh3)]
+, 625.3 
[Cp*IrCl(PPh3)]
+, 589.3 [Cp*Ir(PPh3)]
+.  Neither 5 nor 6 showed any reactivity 
toward 1 atm H2 or toward PhCH(OH)Me under the standard catalytic conditions. 
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Na6-Me-2-hp.  Synthesized similar to Na2-hp.  Yield: 115 mg (8.75 mmol, 
96%).  1H NMR (500 MHz, CD3OD):  2.24 (s, 3H, CH3), 6.18 (d, 1H, 7 Hz, aryl-
CH), 6.24 (d, 1H, 8 Hz, aryl-CH), 7.30 (t, 1H, 7.8 Hz, aryl-CH). 
Cp*IrCl(6-Me-2-hp) (7).  A colorless solution of 110 mg (0.656 mmol) of 
Na6-mhp in 5 mL of MeOH was transferred to an orange solution of 261 mg 
(0.328 mmol) of Cp*2Ir2Cl4 in 10 mL of CH2Cl2.  After the solution was stirred for 1 
h, the solvent was removed by vacuum.  The product was extracted into 5 mL of 
CH2Cl2, and this extract was filtered to remove NaCl.  The filtrate was 
concentrated to ~2 mL and then diluted with 10 mL of hexanes to produce a 
yellow precipitate.  Yield: 101 mg (0.213 mmol, 65%).  1H NMR (500 MHz, 
CD2Cl2): 1.72 (s, 15 H, Cp*), 2.28 (s, 3H, 6-CH3), 5.87 (d, 1H, 8 Hz, aryl-CH), 
6.34 (d, 1H, 7 Hz, aryl-CH), 7.29(t, 1H, 8 Hz, 4-CH).  Anal. Calcd for 
C16H21ClIrNO (found): C, 40.81 (40.58); H, 4.49 (4.43); N, 2.97 (3.02).  A CH2Cl2 
solution of 8 was treated with 1 atm of H2 at room temperature over 24 h; 
1H 
NMR analysis revealed a small amount of free 6-Me-hpH but mostly (~95%) 
unreacted starting material. 
(C5Me4R)IrCl(
3-2,6-dhpH) (R = Me (8), and R = Et).  A solution of 562 
mg (10.41 mmol) of NaOMe in 5 mL of MeOH was transferred to a solution of 
768 mg (5.2 mmol) of 2,6-dhpH2
.HCl in 5 mL of MeOH to give a clear, colorless 
solution.  Solvent was removed under vacuum at 60 ºC overnight to give an air 
reactive hygroscopic white powder stored under an Ar atmosphere in a dry box.  
Yield of Na2,6-dhpH.NaCl: 945 mg (4.94 mmol, 95%).  1H NMR (500 MHz, 
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CD3OD):  5.40 (d, 2H, 8 Hz, aryl-CH), 7.23 (t, 1H, 8 Hz, aryl-4-CH).  A solution 
of 151.5 mg (0.791 mmol) of Na2,6-dhpH.NaCl in 3 mL of MeOH was added to a 
solution of 300 mg (0.377 mmol) of Cp*2Ir2Cl4 in 3 mL of CH2Cl2.  After stirring for 
1 h, the solution was concentrated under vacuum.  The residue was extracted 
into 5 mL of CH2Cl2, and this extract was cannula-filtered to remove NaCl.  The 
filtrate was concentrated to a small volume and diluted with hexanes to produce 
a yellow powder, which was dried under a vacuum.  Yield: 280 mg (0.592 mmol, 
79%).  1H NMR (500 MHz, CD2Cl2): 1.84 (s, 15 H, Cp*), 4.36 (d, 2H, 5 Hz, aryl-
CH) exchanged in D2O, 5.61 (t, 1H, 5 Hz, 4-aryl-CH), 6.69 (s, 1H, NH) 
exchanged in D2O.  Anal. Calcd for C15H19ClIrNO2 (found): C, 38.09 (38.30); H, 
4.05 (4.47); N, 2.96 (2.56).  (C5Me4Et)IrCl(
3-2,6-dhpH) was obtained similarly to 
Cp*IrCl(2,6-dhpH) utilizing (CpMe4Et)2Ir2Cl4.  Yield: 128 mg (0.263 mmol, 79%).  
1H NMR (500 MHz, CDCl3): 1.14 (t, 3 H, 8 Hz, Cp-CH2CH3 ),1.86 (s, 6 H, Cp-
CH3 ), 1.90 (s, 6 H, Cp-CH3 ), 2.17 (q, 2 H, 8 Hz, Cp-CH2CH3 ),4.44 (d of d, 2H, 
1.6 Hz, 5 Hz, aryl-CH) exchanged in D2O, 5.62 (t, 1H, 5 Hz, 4-aryl-CH), 6.69 (s, 
1H, NH) exchanged in presence of D2O.  Single crystals of suitable for X-ray 
diffraction were obtained by diffusion of Et2O into a concentrated solution of 
(CpMe4Et)IrCl(2,6-dhpH) in CH2Cl2. 
Catalytic Dehydrogenation of 1-Phenylethanol (See Table 5.2).  In a 
100-mL 3-necked flask equipped with a nitrogen inlet, reflux condenser, and 
rubber septum, 6 mL of toluene, 2.4 mL of 1-phenylethanol, 0.5 mL of CH2Ph2, 
and 0.1 mol% (Ir) catalyst were heated at a vigorous reflux in a 130 ºC oil bath.  
Samples of 100 L were withdrawn at hourly intervals for the first 5 h, and a final 
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sample was removed after 21 h.  Conversions were determined by 1H NMR 
analysis using CH2Ph2 as an internal integration standard.  ESI-MS analysis of all 
catalysts after 21 h (130 ºC) showed the presence of significant amounts of 
[Cp*2Ir2H3]
+.  The ESI-MS spectra of the catalytic runs using 2, [4]Cl, and [4]PF6 
after 21 h were nearly identical with the major peak at m/z = 750 corresponding 
to [Cp2*Ir2H2(2-hp)]
+. 
5 equivs of 2-hydroxypyridine. Using standard conditions for 1-
phenylethanol dehydrogenation with the addition of 9.5 mg (0.099 mmol) 2-
hydroxypyridine before heating.  
10 equivs of 2-hydroxypyridine.  Using standard conditions for 1-
phenylethanol dehydrogenation with the addition of 19.4 mg (0.204 mmol) 2-
hydroxypyridine before heating. 
5 equivs of Bis(triphenylphosphine)iminium chloride (PPNCl). Using 
standard conditions for 1-phenylethanol dehydrogenation with the addition of 57 
mg (0.099 mmol) PPNCl before heating. 
Chloride Rescue of Catalysis by [2]PF6.  Reaction Conditions: 6 mL 
toluene, 2.4 mL PhCH(OH)Me, 0.1 mol% Ir catalyst, and 0.5 mL CH2Ph2 at reflux 
in a 130 ºC oil bath.  After 21 h, 0.7 mL of reaction mixture was removed and the 
19F NMR spectrum was obtained of the neat solution.  Spectra showed minimal 
~5 % decomposition of the PF6
-.  Solid PPNCl 11.4 mg (0.020 mmol) was added 
to the mixture.  To evaluate the effect of PPNCl on activity, 0.1 mL samples were 
withdrawn from the reaction mixture over the next 4 h, diluted with CDCl3, and 
assayed by 1H NMR spectroscopy in the usual manner. 
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Room Temperature Reaction of 1 with PhCH(OH)Me.  Solid 1 (13 mg, 
0.028 mmol) was added to a J.Young NMR tube followed by addition of 16.9 µL 
(0.14 mmol) of 1-phenylethanol in a drybox.  CD2Cl2 was added and the solution 
was immediately shaken to give a homogeneous mixture.  1H NMR data were 
obtained over the course of 240 h to give predominately [2]+. 
Low Pressure Reaction of 1 with H2.  Solid 1 (20 mg, 0.044 mmol) was 
added to a J.Young NMR tube and CD2Cl2 (0.9 mL) was vacuum transferred.  
The solution was kept frozen in liquid N2, and (H2 66 mmHg) was admitted to the 
head space (~1.7 mL).  The tube was sealed and warmed to 22 ºC. 1H NMR data 
were obtained over the course of 240 h to initially give 3 followed by 
predominately [2]+ over longer reaction times.  Three other unidentified hydrides 
are detected, but only after the formation of complex [2]+. 
Low Temperature Reaction of 1 with ~1 atm of H2.  In order to observe 
early intermediates in the conversion of 1 to [2]+, a J.Young NMR tube was 
charged with solid 1 (9.7 mg, 0.021 mmol) and CD2Cl2 (0.8 mL), which was 
vacuum transferred.  The solution was kept frozen in liquid N2 and (H2 437 
mmHg) was added to the head space (~1.8 mL).  The tube was sealed and 
warmed to –78 ºC.  The NMR tube was warmed to -50 ºC in the instrument and 
1H NMR was obtained.  After 10 minutes the solution was warmed to -40 oC and 
a spectrum was obtained.  This was repeated until reaction was noticed at -20 
oC.  Spectra were collected every 5 min. for 1 h.  The intermediates detected 
were identical to the low pressure reaction at room temperature. 
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Reaction of 1 with Cp*IrH(TsDPENH).  Solutions containing a large 
quantity of 3 were obtained by transfer hydrogenation from Cp*IrH(TsDPENH) to 
1.  In a typical reaction, 5.7 mg of 1 (0.012 mmol) and 4.3 mg of 
Cp*IrH(TsDPENH) were combined in 1 mL of CD2Cl2 at -27 
oC then allowed to 
warm to room temperature to give a dark red solution.  1H NMR data showed the 
reaction was complete within 5 minutes.  Upon longer reaction times, the 1H 
NMR spectrum showed very little change.  The reaction was slowed by the 
presence of excess MeOH, which is unreactive toward 1 at room temperature. 
Cp*IrH(TsDPEN)-Catalyzed Hydrogenation of 1.  A solution of 5.5 mg of 
Cp*Ir(TsDPEN-H) (0.008 mmol) and 150.5 mg of 1 (0.329 mmol) in 15 mL of 
CH2Cl2 and 5 mL of MeOH was stirred at room temperature.  
1H NMR analysis 
showed nearly all 1 had reacted after 3 weeks.  When the reaction mixture was 
warmed above 40 ºC, the Cp*IrH(TsDPEN) converted to the cyclometalated 
product, and H2 transfer to 1 was stopped.  
1H NMR solutions were prepared by 
removal of ~1 mL of solution from the reaction.  Solvent was removed under 
vacuum and the solid was dissolved in CD2Cl2. 
Addition of Base to In Situ Formed 3.  A solution of Cp*IrH(TsDPENH) 
(11.2 mg, 0.016 mmol) in 0.8 mL of CD2Cl2 was cooled in a J.Young tube to –27 
ºC in a freezer inside a dry box.  Solid 1 (6 mg, 0.013 mmol) was added and the 
solution was stored at –27 ºC 18 h until a dark red color was noted.  The 1H NMR 
spectrum was recorded at room temperature and again after 2 h at room 
temperature.  The solution contained a large amount of 3, which did not change 
over the 2 h.  Solid proton sponge, 1,8 bisdimethylaminonaphthalene, (1.8 mg, 
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0.008 mmol) was added to the J. Young tube in a dry box.  1H NMR obtained 
within 10 min. showed complete conversion of 3 to [2]+. 
High Temperature 1H NMR study of 1 + PhCH(OH)Me, In Situ 
Analyses.  A solution of 1 (10.4 mg, 0.023 mmol) in 1 mL of d8-toluene was 
added to a J. Young tube, and a 1H NMR spectrum was collected at 22 ºC.  13.7 
µL (0.114 mmol) of PhCH(OH)Me was added to the solution, and a 1H NMR 
spectrum was recorded immediately (22 ºC).  The sealed tube was heated at 
95.6 ºC, and 1H NMR data were collected over 80 min.  The solution initially has 
a small quantity of 3, but quickly the solution is predominantly 2+.  Over the 
course of 1 h, 2+ remains the dominant (NMR-detectable) species in solution. 
PPh3 Trapping Experiments.   
Low Temperature H2 reaction.  A yellow solution of 81 mg (0.18 mmol) 
of 1 in 5 mL of CH2Cl2 at -25 ºC was flushed with 1 atm H2.  After 40 min, the 
solution becomes a deep red color and was treated with 46 mg (0.18 mmol) of 
PPh3.  The flask was flushed with N2.  After stirring the solution for 20 min. at -25 
ºC, 0.8 mL of sample was removed and analyzed by 31P NMR spectroscopy: 
Cp*IrHCl(PPh3) (12.9, 9.4%), Cp*IrCl2(PPh3) (2.4, 19%), PPh3 (-4.96, 12%), 
as well as Cp*IrCl(2-hp)(PPh3) (6.5, 47%).  A signal at 16.3 (14%) could not be 
assigned.   
High Temperature PhCH(OH)Me reaction. A solution of 53 mg (0.12 
mmol) of 1 in 2 mL of toluene in a three-necked flask fitted with a condenser was 
heated in a 130 ºC oil bath then treated with 0.7 mL (5.8 mmol) of PhCH(OH)Me.  
After 30 min, the red solution was cooled in an ice bath and treated with 33.5 mg 
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(0.128 mmol) of PPh3.  After 20 min. stirring, 0.7 mL of solution was removed and 
analyzed by 31P NMR spectroscopy was collected.  The following species were 
observed (% relative amounts based on 31P NMR analysis: Cp*IrHCl(PPh3) 
(12.5, 4.2%), Cp*IrCl2(PPh3) (2.1, 18%), PPh3 (-4.8, 70%) , as well as 
Cp*IrCl(2-hp)(PPh3) (6.3, 4.9%).  A peak at 19.0 (2.8%) could not be assigned. 
X-ray Cystallography of compounds [2]PF6 and (CpMe4Et)IrCl(
3-2,6-
dhpH).  The crystallographic analysis of [2]PF6 and (C5Me4Et)IrCl(
3-2,6-dhpH) 
were conducted in the usual way (Supporting Information) but the cation 2+ 
suffered from severed disorder in the ligands and PF6 anion.  Our model 
converged with wR
2 = 0.0914 and R1 = 0.0548 for 631 parameters with 1198 
restraints against all 6133 data.  The main residue had both Cp* ligands 
positionally disordered.  The Ir-C distances between an individual Ir-Cp* ligand 
were constrained to be similar (esd 0.01).  The pyrdinate ligand was also 
positionally disordered.  Like C-O and Ir-N distances on the pyrdinate ligand were 
restrained to be similar (esd 0.01).  Rigid-bond restraints (esd 0.01) were 
imposed on displacement parameters for all disordered sites and similar 
displacement amplitudes (esd 0.01) were imposed on disordered sites 
overlapping by less than the sum of van der Waals radii.  Methyl H atom 
positions, R-CH3, were optimized by rotation about R-C bonds with idealized C-
H, R-C and H...H distances.  Both hydride, H-Ir, atoms were located in the 
difference map in asymmetric positions.  Full positional refinement of the hydride 
atoms was not possible because of the heavy Ir atoms and the sever disorder in 
the structure so restraints had to be applied.   The short Ir1-H1a and Ir2-H1b 
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distances were restrained to be similar (esd 0.01) as well as the longer Ir1-H1b 
and Ir2-H1a distances (esd 0.01).  The remaining H atoms were included as 
riding idealized contributors.  Methyl H atom U's were assigned as 1.5 times Ueq 
of the carrier atom, hydride H atom U's assigned as 1.5 times U~eq~ of the 
carrier Ir atom (the carrier atom being the Ir atom that H shared the shortest bond 
distance with), and remaining H atom U's were assigned as 1.2 times carrier Ueq. 
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Chapter 6 
Synthesis of new Pt and Pd complexes of TsDPEN 
 
Introduction 
In recent years, bidentate amido-amines have been popularized as 
supporting ligands for homogenous transfer hydrogenation catalysts.1-3  The 
ligands offer several features that are relevant to the efficient and selective 
behavior of these catalysts, including their bidentate anionic nature that ensures 
tight binding to most metals.  The wide availability of chiral 1,2-diamines is 
convenient, and the presence of a primary amine serves as a proton donor in 
catalysis.   
Almost all such complexes are quasi-octahedral containing one chelating, 
monoanionic amino-amido ligand.  Given the success of the amino-amide 
platform, we decided to investigate the coordination of these ligands to square 
planar centers provided by Pt(II), Pd(II), Rh(I), and Ir(I).  Related ligand sets Tsen 
and (±)-TsDACH,  (Figure 6.1), were not investigated. 
 
 
Figure 6.1.  Common monotosylated diamines used for transfer hydrogenation 
catalysis. 
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Several reports have discussed amido complexes of platinum and 
palladium where amide is deprotonated amine, deprotonated amide (RC(O)NH2), 
and deprotonated sulfonamide (RSO2NH2), but the hydrogen transfer properties 
of these complexes have not been reported.4-10  In general, nitrogen-based 
ligands have been shown to enable the formation of Pt(IV) through oxidative 
addition of group 14 halides, whereas similar complexes with phosphine ligands 
are unstable.11,12  These results have been attributed to stabilization of the harder 
Pt(IV) center with the hard nitrogen donor set.11,12 
Scheme 6.1.  Equilibrium experiments between sulfonamide and alkoxide 
ligands in Pt+2 shows a strong preference for the amide coordination. 
 
 
Gagne and coworkers have made a series of bisphosphine bis-
sulfonamide and sulfonamide alkoxide complexes.4  Through competition 
reactions (example Scheme 6.1) they showed that Pt formed more stable 
complexes with the series trend of NTf > NSO2-Ar > OR.  They also showed 
crystallographically the phenyl group α to N adopted an axial orientation in all of 
their complexes.   
Bercaw and coworkers synthesized Pt+2 complexes from 2-(N-
arylimino)pyrrolide (ArNNH) ligands and found the stereochemistry of the 
complexes was strongly influenced by both steric and electronic factors (Scheme 
6.2).5  With Ar = 4-CF3-Ph or 4-OMe-Ph (Scheme 6.2), a Pt(
ArNN)(CD3)(SMe2) 
complex displayed only cis-imine-SMe2 geometry.  A similar complex, 
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Pt(ArNN)(C6D5)(SMe2) with Ar = 2,6-Me2-Ph and 2,6-
iPr2-Ph, resulted in trans-
imine-SMe2 geometry.  In the Ar = 2,6-
iPr2-Ph derivative, the SMe2 ligand could 
be quantitatively replaced by MeCN to give a Pt(ArNN)(CD3)(MeCN) complex with 
MeCN cis to imine. 
Scheme 6.2. Effects of steric and electronic factors in the stereochemistry of 
some Pt (N-arylimino)pyrrolide complexes. 
 
 
Recent work has utilized derivatives of 2-(2‘-pyridyl)indolide (PyInd)13 and 
2-(2‘-pyridyl)pyrolide (PyPyr)14,15 as monoanionic bidentate NN ligands on Pt(II).  
A sterically congested Pt(PyPyr)2 derivative was found to be substitutionally labile 
at one Pt-py bond (Scheme 6.3).15  The carbonyl derivative reacted with alcohols 
to reversibly give alkoxycarbonyl complexes.  In this conversion the pyrrolide acts 
as an internal base and the free pyridine binds to Pt.  The PyInd ligand was 
found to stabilize a rare five-coordinate Pt(IV)-silyl  complex and was also 
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proposed to stabilize a neutral 14-electron complex implicated as an intermediate 
in the catalytic hydroarylation of norbornene.13 
 
Scheme 6.3.  Pt(PyPyr)2 complex reversibly forms an alkoxycarbonyl complex 
 
Results 
Preparation of M((S,S)-TsDPEN)2 (M = Ni, Pd, Pt).  These complexes 
were prepared by treatment of the metal halides with TsDPENH in the presence 
of triethylamine as a proton acceptor.  Pt(S,S-TsDPEN)2 gave two isomers 
(Scheme 6.4).  Both isomers display poor solubility except in DMF or DMSO, 
although satisfactory 1H NMR spectra could be obtained on CD2Cl2 solutions.  
Upon heating in DMSO solution at 140 ºC, the platinum complexes did not 
noticeably isomerize, instead it was observed to slowly decompose at a rate of 
~10% over 300 h.  The 1H NMR signals for the two diastereomers were well 
resolved (Figure 6.2).  
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Scheme 6.4. Bis-TsDPEN complexes of Pt+2 and Pd+2 
 
 
The palladium complex, Pd(S,S-TsDPEN)2, was found to be soluble in a 
variety of organic solvents.  Only a single isomer was observed in solution by 1H 
NMR spectroscopy.  Crystallographic analysis of Pd(S,S-TsDPEN)2
.[(CH3)2CO]2 
confirmed the presence of trans tosylated amides (Figure 6.3).  The more 
abundant isomer of Pt(S,S-TsDPEN)2 matches the 
1H NMR spectrum of the Pd 
spectrum well (Figure 6.2).  Attempted preparation of Ni(S,S-TsDPEN)2 from 
NiCl2 and [Ni(acac)2]3 gave a grayish purple colored product that was insoluble in 
all common solvents.  Considering the difference in solubility between the Pt and 
Pd complexes, we are not sure if this difference is due to a structure containing 
bridging amide-amine with multiple metal centers, or a structure similar to that of 
the Pt and Pd derivatives. 
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Figure 6.3.  Molecular structure of the nonhydrogen atoms of Pd((S,S)-
TsDPEN)2 with Pd, pink; N, blue; S, yellow; O, red; C, black. The thermal 
ellipsoids are shown at 35% probability.  The top view highlights the square 
planar geometry with trans-amine coordination.  The bottom view has one NH 
shown to highlight hydrogen bonding to an acetone molecule.  This TsDPEN 
ligand displays diequatorial phenyl groups, and the TsDPEN without shows the 
more common diaxial configuration of the phenyl groups on the ethylene 
backbone. Selected bond lengths (Å) and angles (o): Pd-N1, 2.0458(0.0026); Pd-
N2, 2.0288(0.0028); Pd-N3, 2.0486(0.0029); Pd-N4, 2.0164(0.0027); N1-Pd1-N2, 
80.98 (0.10); N3-Pd1-N4, 79.48 (0.11); N2-Pd1-N4, 99.82 (0.11); N1-Pd1-N3, 
99.56 (0.11) 
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PtCl(SMe2)((S,S)-TsDPEN).  Chloroplatinate derivatives of TsDPEN were 
of interest because they potentially could dehydrohalogenate, affording 
unsaturated diamido Pt(II) compounds.  The reaction of cis/trans-PtCl2(SMe2)2 
and K(S,S)-TsDPEN was found to give PtCl(SMe2)(S,S-TsDPEN).  This species 
was obtained as a single isomer.  We tentatively assign the SMe2 trans to the 
amide due to bulk of the tosyl group.  Two SMe signals were observed in the 1H 
NMR spectrum, consistent with the chirality of the complex and the inertness of 
the Pt-S bond toward exchange.  The complex was unreactive toward MeCN.  
Dehydrohalogenation by MeONa was unsuccessful.  Attempted reaction of 
PtCl(SMe2)(S,S-TsDPEN) and NaBH4 also failed to yield a hydride signal in the 
1H NMR spectrum.  Addition of AgPF6 effected Cl
- abstraction to give the cationic 
MeCN complex, [Pt(NCMe)(SMe2)(S,S-TsDPEN)][PF6], but attempts to form a 
hydride from this complex were unsuccessful. 
PtMe(MeCN)((S,S)TsDPEN).  Platinum methyl complexes of TsDPEN 
were obtained using [PtMe2(µ-SMe2)]2, which has been used as a source of 
―PtMe+‖.5  Condensation of this platinum methyl compound with (S,S)-TsDPENH 
indeed proceed with with loss of one equiv of methane.  Reaction in CH2Cl2 was 
slow and resulted in a large number of 1H NMR signals in the Pt-Me region, but 
the same reaction in MeCN solution cleanly resulted in displacement of SMe2 by 
MeCN.  This product was obtained as a single stereoisomer, but the structure 
was not assigned.  In Scheme 6.2, a Pt(Me)(MeCN) complex is shown to have a 
geometry with the MeCN trans to an amide ligand and Me trans to imine, 
although in this case the bulky aryl group is attached to the imine.  The MeCN 
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ligand was found to be labile and could be replaced by CO to give an equilibrium 
mixture of both trans- and cis-stereoisomers (scheme 6.5), with υCO = 2023, 1994 
cm-1 (Figure 6.4).  The addition of CO is reversible: evaporation of a MeCN 
solution reformed PtMe(MeCN)((S,S)TsDPEN). 
 
Scheme 6.5.  Reaction of PtMe(MeCN)(S,S-TsDPEN) with CO.  
 
 
 
 
 
 
 
 
 
Figure 6.4.  IR spectrum of the solution obtained by treating a CH2Cl2 solution of 
PtMe(MeCN)(S,S-TsDPEN) with one atmosphere of CO. 
 
 
 
Pd(allyl)(S,S-TsDPEN).  Treatment of allyl palladium chloride dimer with 
―(S,S)-TsDPEN-― afforded the monomeric Pd(allyl)((S,S)-TsDPEN).  This 
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colorless air-stable complex exhibited an interesting 1H NMR spectrum consisting 
of two subspectra (Figure 6.6).  The isomer ratio was solvent-dependent (Figure 
6.5).  A 1H COSY experiment (Figure 6.13, 6.14) confirmed the presence of two 
subspectra.  We propose that isomerism arises from slow rotation of the 3-allyl 
ligand.   
 
 
 
 
Figure 6.5. Left: Keq of the steroisomers in different solvents, with drawing of 
possible rotational structures on right. 
 
In order to provide further evidence for the existence of rotational 
isomerization in solution, crystals of Pd(allyl)((S,S)TsDPEN) suitable for X-ray 
diffraction were grown.  The solid state structure (Figure 6.7) shows only one 
configuration for the allyl ligand.  The phenyl groups on the ethylene backbone 
are in a diaxial position and the tosyl group protrudes toward the allyl ligand.  
After analysis by X-ray diffraction, the same batch of crystals were examined by 
1H NMR spectroscopy as a CD2Cl2 solution.  These measurements confirmed the 
rapid isomerization with the presence of two unique sets of signals in the same 
ratio as before. 
 
Solvent Keq 
DMSO-d6 0.37 
CD2Cl2 0.55 
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Figure 6.6.  1H NMR spectrum of Pd(allyl)(S,S-TsDPEN) in CD2Cl2 solution.  
Top: Closeup of NH2 and NCHPhCHPhN signals.  Bottom: Closeup of allyl 
signals showing rotamers.  Connectivity was established by 1H COSY 
experiments. 
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Figure 6.7.  Molecular structure of the nonhydrogen atoms of Pd(allyl)((S,S)-
TsDPEN) with Pd, pink; N, blue; S, yellow; O, red; C, black. The thermal 
ellipsoids are shown at 35% probability.  The top view highlights the close 
approach  of the tosyl ring and the allyl ligand.  The bottom view highlights the 
diaxial configuration of the phenyl groups on the ethylene backbone. Selected 
bond lengths (Å): Pd-C1, 2.112; Pd-C3, 2.101; Pd-N1, 2.126; Pd-N2, 2.073. 
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Scheme 6.6.  Synthesis of RhI and IrI complexes of TsDPEN. 
 
 
Ir(cod)(S,S-TsDPEN) and Rh(cod)(S,S-TsDPEN).  The M(cod)((S,S)-
TsDPEN)  (M = Ir, Rh) complexes were prepared by treatment of [M(cod)Cl]2 with 
two equiv each of (S,S)-TsDPENH and Et3N.  The products are air-stable yellow 
solids (Scheme 6.6).  The 1H NMR spectra each showed 12 unique signals for 
the 1,5-cyclooctadiene ligands.  These compounds were unreactive toward H2 (1 
atm) and HCl (2 equiv).   
 
Discussion  
The goal of this exploratory effort was to discover the scope of the 
monoanionic bidentate ligand TsDPEN.  We confirmed our hypothesis that it is 
compatible with a wide range of metal centers and is thus well suited for further 
exploratory studies.  The new d8 complexes of TsDPEN enjoy good thermal 
stability, at least compared to the Cp*Ir(TsDPEN) and (cymene)Ru(TsDPEN) 
complexes where cyclometalation of the Ph rings can be problematic.16  In 
general, all complexes reported in this chapter were air stable for several weeks 
(Pd metal formed during longer storage in some cases).  The disadvantage of 
square-planar TsDPEN complexes, at least with respect to asymmetric catalysis, 
is that the chiral information in the pseudo-C2 symmetric backbone is well 
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positioned for interaction with axial ligands, but is not well suited for interaction 
with ligands that are quasi-coplanar with the M(TsDPEN) chelate ring.   
The JHH value in the 
1H NMR spectrum for the CHPhCHPh group in all 
complexes in this chapter indicate diaxial phenyl rings of the TsDPEN ligand.  In 
the case of equatorial phenyl groups, the JHH would be expected to be 8-13 Hz.
17-
20  Diaxial phenyl groups is consistent with the square planar arrangement 
around the metal.  In contrast, ligands in the axial coordination sites would 
provide steric bulk to push the phenyl groups into diequatorial positions.  This 
concept was previously demonstrated on the Cp*Ir(TsDPEN-H) system.17  The 
diaxial phenyl groups induce the tosyl ring to project toward the site cis to the 
sulfonamide (Figure 6.8).  In cases where the phenyl groups are diaxial, the tolyl 
group within the Ts substituent tends to orient equatorially.  This spacial 
arrangement is demonstrated in the crystal structure of Pd(allyl)(S,S-TsDPEN). 
 
Figure 6.8.  Diaxial and diequatorial conformations of TsDPEN complexes, with 
expected JHH values for the CHPhCHPh group. Figure also shows proposed 
―knock-on effect‖ on the Ts group for the diaxial conformation. 
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The geometry around the metal atoms in the M(TsDPEN)2 complexes is 
tentatively proposed to be determined by steric factors caused by the bulky tosyl 
group.  The Pt complex was isolated as 2 geometries, detected by 1H NMR 
spectroscopy, attributed to kinetic trapping of cis and trans stereoisomers in a 1:4 
ratio, respectively.  The ratio was invariant to temperature and attempts to alter 
the isomer ratio were unsuccessful even up to its decomposition temperature of 
140 ºC (DMSO solution).  The Pd(TsDPEN)2 complex was isolated as only one 
isomer, as determine by NMR spectroscopy. It is typical for Pd(II) to be more 
substitutionally labile and hence more configurationally labile than Pt(II).  The 
sulfonamido ligands are mutually trans, as determined crystallographically.  The 
major isomer of Pd(TsDPEN)2 displays a 
1H NMR spectrum that is very similar to 
that for the Pd complex and is assigned the same trans geometry. 
Single crystals of Pd(TsDPEN)2 were grown in acetone and the X-ray 
structure contains a hydrogen bond from one amine NH to an acetone O.  The 
TsDPEN ligand containing the hydrogen bonded amine has equatorial phenyl 
rings.  The other TsDPEN ligand does not contain a hydrogen bond and has the 
usual diaxial phenyl conformation.  We were able to show this hydrogen-bonding 
effect in solution by 1H NMR spectroscopy.  Addition of acetone-d6 to a CD2Cl2 
solution of Pd(TsDPEN)2 resulted in a shift for the NH signal and increased 
coupling values for the CHPhCHPh signals in the 1H NMR spectrum.  The 
increased coupling values suggest the phenyl rings rapidly isomerize between 
the diaxial and diequatorial positions in the presence of a hydrogen bond 
acceptor. 
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Figure 6.9.  Proposed geometry of PtCl(TsDPEN)(SMe2) due to steric interaction 
of the Ts-group. 
 
Exploiting the convenient SMe2-stabilized precursors,
21 several Pt 
complexes were prepared with a single TsDPEN ligand.  The PtCl(SMe2)(S,S-
TsDPEN) complex was isolated as a single isomer.  As in The Pt((S,S)-
TsDPEN)2, it is possible that this isomer is thermodynamically favored or 
kinetically too inert to isomerize.  Steric interactions between the tosyl and SMe2 
ligand would be expected to favor the cis SMe2 amine isomer (Figure 6.9).  In this 
complex, the Pt-SMe2 bond was found to be inert with respect to substitution by 
MeCN.  Removal of the chloride ligand using Ag+ in MeCN solution gave 
[Pt(NCMe)(SMe2)(S,S-TsDPEN)]
+. 
In contrast to PtCl(SMe2)((S,S)-TsDPEN), the related complex 
PtMe(MeCN)(S,S-TsDPEN) proved to undergo rapid ligand exchange.  The 
stereochemistry of this methyl complex was not unequivocally assigned.  In one 
precedent, the case of PtMe(MeCN)(2-(N-arylimino)pyrrolide),  MeCN was found 
to be trans to amide.5  This complex did reversibly bind CO to give 2 isomers in a 
ratio that did not change over time at room temperature, but the rapid loss of CO 
prohibited isolation.  The thermal22 and photochemical23 isomerization of Pt(II) 
carbonyls of the type Pt(CO)(PR3)X2 have been shown to involve dissociation of 
CO as the first step.  In these studies the thermal isomerization proceeded from 
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trans to cis only, but the irradiated solutions proceeded to a photostationary 
combination of both isomers.  In our case, the binding of CO is proposed to be 
sufficiently weak that rapid CO exchange allows easy approach to equilibrium.  
Pt(II) carbonyls have been reported for several β-diiminate complexes24,25 as well 
as tris(pyrazolyl) borate26 and diimine27 complexes.  Collectively, these studies 
suggest the PtMe(MeCN)(S,S-TsDPEN) would also bind ethylene or other 
olefins. 
Interesting isomerism was also identified for Pd(allyl)(S,S-TsDPEN).  A 
single isomer crystallized and was identified crystallographically, but two distinct 
isomers are evident in solution at room temperature.  The ratio of solution 
isomers was found to be dependent on solvent.  The different solution 
geometries were assigned to a rotation of the allyl ligand, which was previously 
demonstrated on bis-allyl complexes of Ni, Pd, and Pt at low temperatures 
(Figure 6.10). 28,29  For these complexes, the π–allyl rotation occurs at a lower 
temperature (between -30 and 0 ºC) and is preferred over a π-σ allyl 
arrangement (>0 ºC).30  A large number of other transition metals with M-η3-C3H5 
coordination have established π-allyl rotation through NMR line shape analysis 
and magnetization transfer techniques.31-38 
 
Figure 6.10.  Isomeric forms of Ni, Pd, and Pt (allyl)2 (left) and proposed isomers 
of Pd(allyl)(TsDPEN) (right). 
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The presence of two allyl orientations at room temperature for (π-
allyl)palladium(II) complexes of N21,N22-etheno-bridged porphyrins has also been 
reported (Figure 6.11).39  The isomers could be assigned in these complexes due 
to the strong ring current effects of porphyrin in the 1H NMR signals of the allyl 
group.  For example, the cis isomer with R‘ = H gave a signal at δ-4.55 and the 
trans isomer gave a signal at δ-1.25 for the central CH. 
 
Figure 6.11.  cis-trans isomers proposed in Pd(allyl)(porphyrin) complexes 
 
In work related to our synthesis of Ir(TsDPEN)(cod), Tilley and coworkers 
recently reported complexes of the monoanionic bidentate 2-(2‘-pyridyl(indolide) 
(PyInd) ligand with both cod or two monoalkene co-ligands.  The Ir and Rh 
complexes containing the bidentate cod ligand were inert toward trialkylsilanes 
even at high temperatures.  In contrast, the Rh bis-ethylene complex and an in 
situ formed Ir bis-cyclooctene complex reacted with 4 (2 for Ir) equivalents of 
Et3SiH to give the Rh(V) and Ir(V) bis(silyl)dihydride complexes and two 
equivalents of SiEt4 in the Rh case (Figure 6.12).  These results suggest we 
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might see additional reactivity by integrating bis-monodentate olefin complexes of 
Ir and Rh with TsDPEN. 
 
 
Figure 6.12.  Rh and Ir complexes of PyInd are inert toward silanes with a 
bidentate bis-olefin ligand, but react when monodentate olefins are used. 
 
Experimental 
General Considerations.  Unless otherwise indicated, reactions were 
conducted using standard Schlenk techniques (N2) at room temperature with 
stirring.  Tosyl chloride (Aldrich) was purified by recrystallization from diethyl 
ether.  (S,S)-DPEN (TCI America) was used as received.  (S,S)-TsDPEN was 
prepared according to Noyori et al40.  PtCl2(SMe2)2 (mixture of isomers)
41, 
[PtMe2(SMe2)]2,
13 [(cod)IrCl]2
42, and [(cod)RhCl]2
43 
 were synthesized according 
to literature preparations.  PdCl2 and K2PtCl4 were obtained from Pressure 
Chemical Company.  Ni(acac)2 and NiCl2 were obtained from Strem Chemicals.  
Et3N and NaOMe were used as recieved from Aldrich.  ESI-MS were acquired 
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using a Micromass Quattro QHQ quadrupole-hexapole-quadrupole instrument.  
1H NMR was acquired on Varian UNITY INOVA 500NB and UNITY 500 NB 
instruments.  Elemental analyses were performed by the School of Chemical 
Sciences Microanalysis Laboratory utilizing a Model CE 440 CHN Analyzer. 
Pt((S,S)-TsDPEN)2.  A solution of 73.3 mg (0.20 mmol) of (S,S)-
TsDPENH in 2 mL of MeOH was deprotonated by addition of a solution of 23.7 
mg (0.44 mmol) of NaOMe in 2 mL of MeOH via cannula.  After stirring for 5 min., 
a colorless solution was obtained.  This solution was added via cannula to a 
yellow solution of 39 mg (0.10 mmol) of cis,trans-PtCl2(SMe2)2 in 2 mL of MeOH.  
Within minutes, the solution was colorless with formation of a white precipitate.  
The solvent was removed by vacuum, and the complex was extracted into 150 
mL of CH2Cl2.  This extract was filtered and then evaporated, leaving a white oily 
solid, which was washed with diethyl ether (3 X 10 mL).  The resulting white 
powder was dried by vacuum.  Yield: 78.7 mg(85%).  The same product could be 
obtained using K2PtCl4 instead of cis,trans-PtCl2(SMe2)2 in ~60% isolated yields.  
1H NMR analysis indicates that the sample consists of a 4:1 isomer ratio.  1H 
NMR (500 MHz, DMSO-d6):  2.29 major (s, 3H, SO2C6H4-4-CH3), 2.36 minor (s, 
3H, SO2C6H4-4-CH3), 3.95 minor (m, 1H, HHNCHPhCHPhNTs), 4.01 major (d, 
1H, 4 Hz, HHNCHPhCHPhNTs), 4.39 minor (d, 1H, 7.7 Hz, 
HHNCHPhCHPhNTs), 4.50 major (d, 1H, 4 Hz, HHNCHPhCHPhNTs), 5.23 
major (d of d, 1H, 11.7 Hz, 4 Hz, HHNCHPhCHPhNTs), 5.29 minor (br d of d, 1H, 
9.5 Hz, HHNCHPhCHPhNTs), 5.87 minor (br t, 1H, 10 Hz HHNCHPhCHPhNTs), 
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5.94 minor (d of d, 1H, 11.5 Hz, 4 Hz, HHNCHPhCHPhNTs), 6.91-7.68 major 
and minor (14 H).  Anal. Calcd: theoretical (found) for C42H42N4O4PtS2:  
Isomerization of Pt((S,S)-TsDPEN)2.  A solution of 8.1 mg Pt((S,S)-
TsDPEN)2 was dissolved in 0.8 mL of DMSO-d
6 was prepared in a J. Young 
NMR tube.  The solution was heated at 70 ºC for 24 h, but no change was 
observed in the 1H NMR spectrum.  The solution was then warmed to 110 ºC for 
24 h with no change.  At 140 ºC over the course of 300 h, we observed 
decomposition of about 10% to give new signals in the methyl region.  But the 
isomer ratio did not change.  
Pd((S,S)-TsDPEN)2.  A mixture of 366.5 mg (1.0 mmol) of (S,S)-
TsDPENH, 88.5 mg (0.5 mmol) of PdCl2, and 0.5 mL (3.6 mmol) of Et3N in 8 mL 
MeCN and 5 mL water was heated to reflux for 6 h to give a yellow solution with 
some gray solid.  The solid was removed by filtration via cannula.  Solvent was 
removed and the yellow residue was dissolved in 10 mL of CH2Cl2.  This solution 
was washed with water 3 X 5 mL.  The organic layer was dried over MgSO4 and 
filtered.  Solvent was removed by vacuum, and the dirty yellow solid was 
recrystallized from CH2Cl2/hexanes to give a light yellow powder.  Yield: 250 mg, 
(60%).  1H NMR (500 MHz, CD2Cl2):  2.33 (s, 6H, SO2C6H4-4-CH3), 3.94 (d of 
d, 2H, 7.6 Hz, 2 Hz, HHNCHPhCHPhNTs), 4.23 (d, 2H, 2 Hz, 
HHNCHPhCHPhNTs), 4.53 (s, 2H, HHNCHPhCHPhNTs), 4.62 (br d, 2H, 11.5 
Hz HHNCHPhCHPhNTs), 6.88-7.94 (28 H). Anal. Calcd: theoretical (found) for 
C42H42N4O4PdS2
.0.5 CH2Cl2: C, 58.02 (57.94); H, 4.93 (5.09); N, 6.37 (6.39).  
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Crystals suitable for X-ray diffraction were obtained by slow solvent evaporation 
of an acetone solution of Pd((S,S)-TsDPEN)2. 
“Ni((S,S)-TsDPEN)2”.  The synthesis of this compound was attempted 2 
different ways. First by treatment of NiCl2
.6H2O and 2 equiv of K(S,S)-TsDPEN in 
MeOH, and a second with Ni(acac)2 and 2 equiv of (S,S)-TsDPENH.  Both 
reactions resulted in a light purplish gray solid that was not found to be soluble in 
any common solvent.  
PtCl(SMe2)((S,S)-TsDPEN).  A solution containing 140 mg (0.38 mmol) of 
(S,S)-TsDPENH and 54 L (0.38 mmol) Et3N in 3 mL of CH2Cl2 was added to a 
solution of 150 mg (0.38 mmol) of  PtCl2(SMe2)2 in 5 mL of CH2Cl2.  Upon stirring 
16 h at room temperature, Et3NHCl was removed by washing the organic layer 
with water (3 x 5 mL).  The organic solution was dried with MgSO4.  Solvent was 
removed under reduced pressure, resulting in a light yellow powder.  The product 
was recrystallized from CH2Cl2/diethyl ether twice.  Yield: 205 mg (82%).  
1H 
NMR (500 MHz, CD2Cl2):  2.38 (s, 3H, SO2C6H4-4-CH3), 2.53 (s, 3H, SCH3), 
2.59 (s, 3H, SCH3), 3.53 (br t, 1H, 8.7 Hz, H2NCHPhCHPhNTs), 4.07 (br d, 1H, 
8.5 Hz H2NCHPhCHPhNTs), 4.23 (ddd, 1H, 13.5 Hz, 7.1 Hz, 3.6 Hz, 
HHNCHPhCHPhNTs), 4.62 (d, 1H, 7.3 Hz HHNCHPhCHPhNTs), 7.08-7.30 (12 
H, aryl), 7.77 (d, 2H, 8.4 Hz, H2NCHPhCHPhNTs).  Anal. Calcd: theoretical 
(found) for C23H27ClN2O2PtS2: C, 41.97 (41.78); H, 4.14 (4.06); N, 4.26 (4.25). 
[Pt(NCMe)(SMe2)((S,S)-TsDPEN)]PF6.  A solution of 30.5 mg (0.12 mmol) 
AgPF6 in 5 mL of MeCN was added via cannula to a solution of 79.5 mg (0.12 
mmol) of PtCl(SMe2)((S,S)-TsDPEN) in 5 mL of MeCN.  No precipitate formed 
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within 30 min., so the flask was wrapped with foil to prevent light exposure, and 
the solution was stirred 24 h.  A white precipitate formed. The supernatant 
solution was filtered via cannula, and the solvent was removed by vacuum.  The 
solid residue was recrystallized from CH2Cl2/hexanes.  After drying under 
vacuum at ambient temperature for 4 hours, the solid was collected.  Yield: 74.8 
mg (77%).  1H NMR (500 MHz, CD2Cl2):  2.41 (s, 3H, SO2C6H4-4-CH3), 2.55 (s, 
3H, NCCH3), 2.61 (s, 3H, SCH3CH3), 2.66 (s, 3H, SCH3CH3), 3.80 (br t, 1H, 8.2 
Hz, HHNCHPhCHPhNTs), 4.25 (m, 1H, HHNCHPhCHPhNTs), 4.58 (d, 1H, 7.9 
Hz HHNCHPhCHPhNTs), 4.95 (br d, 1H, 9.0 Hz HHNCHPhCHPhNTs), 6.98-
7.33 (12 H, aryl), 7.74 (d, 2H, 8.1 Hz, H2NCHPhCHPhNTs). ESI-MS m/z = + 
663.3, ([Pt(TsDPEN)(MeCN)(SMe2)]
+). 
PtMe(MeCN)((S,S)-TsDPEN).  A solution of 212 mg (0.578 mmol) of 
(S,S)-TsDPEN in 5 mL of MeCN at 0 ºC was transferred via cannula to a solution 
of 166 mg (0.289 mmol) of [PtMe2(SMe2)]2 in 5 mL of MeCN at 0 ºC.  After being 
maintained for 15 min. at 0 ºC, the solution was warmed to 0 ºC and stirred 1 h.  
A small amount of gas evolved.  The solvent was removed by vacuum and the 
white colored solid was washed twice with 5 mL of diethyl ether.  The residue 
was recrystallized from MeCN/Et2O to give a white solid that was dried under 
vacuum overnight.  Yield: 303 mg (85 %).  1H NMR (500 MHz, CD2Cl2):  0.468 
(s-Pt satellites, JPt-H = 74 Hz, Pt-CH3), 2.29 (s, 3H, SO2C6H4-4-CH3), 2.40 (s, 3H, 
PtNCCH3), 3.28 (br d, 1H, 11.5 Hz, HHNCHPhCHPhNTs), 3.73 (br d, 1H, 9.5 Hz 
HHNCHPhCHPhNTs), 4.18 (m, 1H, HHNCHPhCHPhNTs), 4.80 (s, 1H, 
HHNCHPhCHPhNTs), 6.80-7.77 (14 H, aryl).  ESI-MS m/z = + 617.2 
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([Pt(TsDPEN)(MeCN)MeH]+).  Elemental Analysis %CHN theoretical (found) for 
C24H27N3O2PtS
.H2O: C, 45.42 (45.46); H, 4.61 (4.38); N, 6.62 (6.46). 
PtMe(MeCN)((S,S)-TsDPEN) + CO.  A solution of 11.5 mg (0.0187 mmol) 
of PtMe(MeCN)((S,S)-TsDPEN) in 5 mL of CH2Cl2 was stirred under 1 atm of 
CO.  An IR spectrum of solution was collected after 45 min. and 1.5 h., showing 
no change in the IR spectrum upon longer reaction times.  Solution was 
evaporated under vacuum, and the 1H NMR spectrum of the sample dissolved in 
CD2Cl2 showed only starting PtMe(MeCN)((S,S)-TsDPEN).  The IR spectrum of 
this solution exhibited no CO bands.  The solution was again purged with CO to 
give the same IR bands in the same ratio.  IR spectrum (CH2Cl2): CO = 1994, 
2023 cm-1. 
Pd(C3H5)((S,S)-TsDPEN).  A solution of 40 mg (0.11 mmol) of (S,S)-
TsDPENH and 15 L (0.11 mmol) of Et3N in 2 mL CH2Cl2 was added to a 
solution of 20 mg (0.055 mmol) of [(allyl)PdCl]2 in 2 mL of CH2Cl2. Solution was 
stirred 18 h, followed by extraction with CH2Cl2/water (3 x 3 mL).  The colorless 
organic layer was dried over MgSO4.  Removal of solvent under vacuum gave a 
white powder.  The product was recrystallized from CH2Cl2/Et2O and dried under 
vacuum.  Yield: 42 mg (74 %).  Ratio of major to minor isomer in CD2Cl2 = 1.8:1, 
in DMSO-d6 = 2.7:1.  1H NMR (500 MHz, CD2Cl2):  2.25 minor (s, 3H, 
SO2C6H4-4-CH3), 2.26 major (s, 3H, SO2C6H4-4-CH3), 2.68 minor (d of d, 1H, 
10.5 Hz, 4 Hz, anti-CHHCHCH2), 2.71 major (d, 1H, 12.3 Hz, anti-CHHCHCH2 ), 
2.77 major (d, 1H, 12.2 Hz, anti-CHHCHCH2), 2.89 minor (d, 1H, 10.7 Hz, syn-
CHHCHCH2), 3.00 major (d, 1H, 12.3 Hz, syn-CHHCHCH2), 3.05 minor (d of d, 
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1H, 10.7 Hz, 4 Hz, anti-CHHCHCH2), 3.13 minor (d, 1H, 10.7 Hz, syn-
CHHCHCH2), 3.29 major (d, 1H, 12.4 Hz, syn-CHHCHCH2), 3.81 major (d of d, 
1H, 7 Hz, 2.2 Hz, HHNCHPhCHPhNTs), 3.83 minor (d of d, 1H, 7 Hz, 2.2 Hz 
HHNCHPhCHPhNTs) 4.34 minor (d of t, 2H, 6.9 Hz, 2 Hz, H2NCHPhCHPhNTs), 
4.40 major (m, 2H, H2NCHPhCHPhNTs), 4.80 minor (s, 1H, 
HHNCHPhCHPhNTs), 4.87 major (s, 1H, HHNCHPhCHPhNTs), 5.42 major (t of 
q, 1H, Hz, CHHCHCH2), 5.47 minor (t of q, 1H, Hz, CHHCHCH2), 6.80-7.66 
major and minor(14 H, aryl).  ESI-MS m/z = + 617.2 
([Pt(TsDPEN)(MeCN)MeH]+).  Anal. Calcd: theoretical (found) for 
C24H26N2O2PdS: C, 56.19 (55.55); H, 5.11 (5.16); N, 5.46 (5.37).  Crystals 
suitable for X-ray diffraction were grown over the course of two days from a 
concentrated sample in CH2Cl2 solution that was maintained at -20 ºC. 
 
Figure 6.13.  1H COSY spectrum of Pd(allyl)(S,S-TsDPEN) in CD2Cl2. 
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Figure 6.14.  1H COSY spectrum of Pd(allyl)(S,S-TsDPEN) in CD2Cl2. Closeup 
view of allylic H (top) and closeup view of allylic H, amine H, and 
NCHPhCHPhNTs signals (bottom). 
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Ir(cod)((S,S)-TsDPEN).  A solution of 219 mg (0.60 mmol) of (S,S)-
TsDPEN and 167 µL (1.2 mmol) of Et3N in 10 mL of CH2Cl2 was transferred via 
cannula to a solution of 201 mg (0.30 mmol) of [(cod)IrCl]2 in 10 mL of CH2Cl2.  
After stirring 1 h, the solution was extracted with H2O (3 X 5 mL).  The organic 
layer was dried over MgSO4 and filtered.  Solvent was removed by vacuum, and 
the brown solid was recrystallized from 1:3 CH2Cl2/hexanes and filtered.  The 
product must be recrystallized from 5 mL MeCN/ 15 mL Et2O to remove a dark 
brown impurity.  The solid is dried under vacuum.  Yield: 239 mg (60 %).  1H 
NMR (500 MHz, CD2Cl2):  1.44 (m, 1H, cod-CHH), 1.57 (m, 1H, cod-CHH), 1.79 
(m, 1H, cod-CHH), 2.02 (m, 1H, cod-CHH), 2.14 (m, 1H, cod-CHH), 2.22 (m, 1H, 
cod-CHH), 2.26 (s, 3H, SO2C6H4-4-CH3), 2.38 (m, 1H, cod-CHH), 2.45 (m, 1H, 
cod-CHH), 2.97 (d, 1H, cod=CH), 3.09 (t of d, 1H, cod=CH), 3.26 (t of d, 1H, 
cod=CH), 3.32 (d of d, 1H, cod=CH), , 4.25 (d, 1H, 4.7 Hz, HHNCHPhCHPhNTs), 
4.71 (s, 1H, HHNCHPhCHPhNTs),   4.82 (t of d, 1H,  7.5 Hz, 4.7 Hz, 
HHNCHPhCHPhNTs), 5.36 (t of d, 1H, 7.5 Hz, 2.5 Hz HHNCHPhCHPhNTs), 
6.78-7.91 (14 H).  Anal. Calcd: theoretical (found) for C29H33IrN2O2S: C, 52.31 
(52.96); H, 5.00 (5.24); N, 4.21 (4.28). 
Rh(cod)((S,S)-TsDPEN).  A solution of 290 mg (0.792 mmol) of (S,S)-
TsDPEN and 220 µL (1.59 mmol) of Et3N in 15 mL of MeCN was transferred via 
cannula to a mixture of 195 mg (0.396 mmol) of [(cod)IrCl]2 in 8 mL of MeCN.  
After stirring the solution for 20 h, a light yellow precipitate had formed.  The solid 
was removed by filtration and washed with 5 mL of MeCN and 10 mL of diethyl 
ether.  The filtrate was evaporated under vacuum, and the residue was extracted 
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into 5 mL of CH2Cl2.  This solution was washed with about 6 mL of H2O.  The 
organic layer was dried over MgSO4 and filtered.  Solvent was removed by 
vacuum, and the solid was recrystallized from 1:3 CH2Cl2/hexanes.  The solid 
was dried under vacuum.  Yield: 371 mg (81%).  1H NMR (500 MHz, CD2Cl2):  
1.81 (m, 1H, cod-CHH), 1.88 (m, 1H, cod-CHH), 2.01 (m, 2H, cod-CHH), 2.11 
(m, 1H, cod-CHH), 2.26 (s, 3H, SO2C6H4-4-CH3), 2.36 (m, 1H, cod-CHH), 2.43 
(m, 1H, cod-CHH), 2.55-2.71 (m, 3H, 1 cod-HH, 2 cod=CH), 3.49 (br q, 1H, 
cod=CH), 3.60 (br t , 1H, cod=CH), 4.10 (d, 1H, 4 Hz, HHNCHPhCHPhNTs), 
4.47 (s, 1H, HHNCHPhCHPhNTs),   5.17  (q, 1H, 7 Hz, HHNCHPhCHPhNTs), 
5.54 (t, 1H, 7 Hz HHNCHPhCHPhNTs), 6.76-8.08 (14 H).   
General Conditions to Examine H2 Reactivity.  A solution of 8 to 10 mg 
of the complex was prepared in a J. Young NMR tube with ~0.8 mL CD2Cl2 that 
was vacuum transferred.  The tube was pressurized to about 1 atm of H2, and 
the cap was sealed.   The presence of H2 in solution was also always confirmed 
by 1H NMR spectroscopy. 
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Chapter 7 
Reductive Coupling of Ph2P(o-C6H4CHO) on Fe(0) to Form a Tetradentate 
P2O2 Ligand 
 
Introduction 
 We previously reported the utility in installing chelated phosphine acyl 
ligands to Fe(II) carbonyls by the oxidative addition of phosphine thioester 
compounds to Fe(0) carbonyls.1  This method was found to give varying yields 
depending on the identity of R in the case of Ph2P(C6H4C(O)SR).
2  One 
significant limitation of this method was the low reactivity when R was sterically 
encumbering, i.e. 2,6-dimesitylphenyl or tBu. 
In an effort to expand the methods for installing phosphine acyl chelates to 
Fe(II), we have examined the addition of Ph2P(o-C6H4CHO) to Fe(0) carbonyls.  
The coordination chemistry of this ligand is already well established, although 
mainly with 2nd and 3rd row metals.3  
 
Scheme 7.1.  Common coordination products from reaction of late transition 
metal complexes with Ph2P(o-C6H4CHO). 
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 o-Diphenylphosphinebenzaldehyde has been shown to react with metals 
in four common ways (Scheme 7.1).  The simplest is a η1-P phosphine metal 
bond with no significant interaction of the aldehyde.  This type of structure is the 
first step in the formation of the 3 other coordination modes and is generally 
observed in complexes that are coordinately saturated such as W(CO)5(PPh2(o-
C6H4CHO))
4, or in square planar d8 complexes such as cis-[MCl2(PPh2(o-
C6H4CHO))2] where M = Pt(II)
5 or Pd(II)6 and several Rh(I)7,8 complexes are 
reported.  An alternative synthesis route of the η1-P binding mode was reported 
by Barbaro et al in which the ligand is synthesized by hydrolysis of an imino 
group of an Ir(PPh2(o-C6H4CH=NEt)) complex to give an Ir(PPh2(o-C6H4CHO)) 
complex.9 
After initial binding of the phosphine, the ligand can then chelate by either 
of two routes involving σ bond formation by O to give a η2-PO coordination, 
which is reported for Re(CO)3Cl(PPh2(o-C6H4CHO))
10 and RuCl2(PPh2(o-
C6H4CHO))2,
5 or by binding to the CO double bond in π fashion to give a 1, 2-
P,CO coordination.  The 1, 2-P,CO coordination mode was first proposed to 
explain NMR data in Cp*Co(PPh2(o-C6H4CHO))
11 and later established by X-ray 
crystallography in two W(0) complexes.12 
  The addition of o-diphenylphosphinebenzaldehyde to electron rich late 
transition metals, such as Rh(I),13,14 Ir(I),5,15-16 Pt(0),17-18 Co(I),19 frequently results 
in chelate-assisted C-H bond activation to give a phosphine acyl η2-P-C complex.  
Usually a metal hydride is isolated (Scheme 7.2), but some metal halide 
complexes have been shown to eliminate HX.  It is not known whether this 
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occurs by oxidative addition of the C-H bond followed by reductive elimination of 
HX, or direct electrophilic attack on the formyl group by the metal with 
displacement of a proton.  
Scheme 7.2.  C-H bond activation of Ph2P(o-C6H4CHO) with late transition 
metals to give acyl hydride complexes. (i) [Pt(C2H4)n(PR3)3-n] (R = C6H4, n =1; R 
= cyclohexyl, n = 2), (ii) [CoCl(PMe3)3], (iii) trans-[IrCl(CO)(PPh3)2], (iv) 
[Rh(X(CH2CH2PPh2)3]
+ (X = N or P), (v) [RhCl(cod)(NN)] (cod = 1,5-
cyclooctadiene)(NN = bypyridines), (vi) [RhCl(cod)(NN)] PPh3.
3 
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 In two examples, the addition of Ph2P(o-C6H4CHO) to a transition metal 
results in C-C bond formation to give a dioxyl derivative.  The synthesis and final 
structures of the W12 and Tc20 complexes are shown in Scheme 7.3.    
Scheme 7.3.  C-C coupling reactions of Ph2P(o-C6H4CHO).  
 
 
Results 
Formation of Fe(P2O2)(CO)2.  Heating a THF solution of Fe(bda)(CO)3, 
bda = benzylideneacetone,  in the presence of Ph2P(o-C6H4CHO) gave a yellow 
solution and yellow precipitate.  IR and NMR spectra for the solution and the 
solid products were found to be identical.  The solution IR spectrum featured 
comparably intense CO bands at 1965 and 2025 cm-1.  The 31P NMR  spectrum 
featured a single peak at  21.1.  The 1H NMR spectrum contained a single 
signal outside of the phenyl proton range at  4.49 ppm that integrated in a 1:14 
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ratio to the phenyl signals.  This complex is the only phosphine-containing 
complex detected for Fe:Ph2P(o-C6H4CHO) ratios of 1:1 and 1:2 Fe:P at 60 ºC . 
 
Scheme 7.4.  Formation of Fe(P2O2)(CO)2 from Ph2P(o-C6H4CHO).  
 
 
 
 Single crystal X-ray diffraction confirmed that the product is a ferrous 
complex of a bisphosphine bisalkoxide ligand (Figure 7.1).  Apparently the two 
formyl groups underwent C-C coupling (Scheme 7.4).   The octahedral ferrous 
complex has cis alkoxide ligands both trans to CO.  The phosphines are mutually 
trans with a P-Fe-P angle of 167o. 
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Figure 7.1.  Molecular structure of Fe(P2O2)(CO)2 with H‘s removed for clarity. 
The thermal ellipsoids are shown at 35% probability with Fe, green; P, blue; C, 
black; O, red.  Selected Bond Lengths (Å) and Angles (o):  Fe(1)-P(1) 2.2496(9), 
Fe(1)-P(2) 2.2395(10), Fe(1)-O(1) 1.945(2), Fe(1)-O(2) 1.954(2), Fe(1)-C(39) 
1.774(3), Fe(1)-C(40) 1.754(3), C(40)-Fe(1)-C(39) 92.64(14), C(40)-Fe(1)-O(1) 
96.01(12), C(39)-Fe(1)-O(2) 86.26(12), O(1)-Fe(1)-O(2) 85.07(8), P(2)-Fe(1)-P(1) 
167.44(4). 
  
The Fe(P2O2)(CO)2 product is also obtained by the reaction of Ph2P(o-
C6H4CHO) with Fe2(CO)9 at 60 ºC in THF.  We isolated a probable intermediate 
in this conversion, Fe[(PPh2(o-C6H4CHO)](CO)4.  This species was obtained in 
49 % yield by addition of Ph2P(o-C6H4CHO) to Fe2(CO)9 at 23 ºC in THF followed 
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by removal of the majority of Fe(CO)5 under reduced pressure,  any additional 
Fe(CO)5 was removed by washing the solid with hexanes.  This complex displays 
an IR spectrum typical of phosphine adducts of the type (PR3)Fe
(0)(CO)4.  For 
example, the CO = 1943, 1978, 2052 cm
-1 (Figure 7.2) compare well for the 
related PPh3 derivative.
21  The 31PNMR spectrum also featured a singlet at  
68.2.  Photolysis of this complex in toluene-d8 at 23 ºC resulted initially in the 
formation of a  1, 2-P,CO Fe complex followed by formation of an Fe hydride, 
which were detected by NMR spectroscopy.  The 1, 2-P,CO intermediate 
displays a singlet at   58.2 in the 31P NMR spectrum and the aldehyde H shifts 
to 5.91 in the 1H NMR spectrum, which is typical for 2-C=O coordination.12   The 
hydride complex displays doublets at   -7.7 (d) and at  89.5 in the 1H and 31P 
NMR spectra, respectively.   At 23 ºC, in the absence of light, the signal for the 
hydride disappears concomitant with formation of the Fe(P2O2)(CO)2 product.  
 
Figure 7.2.  CO region of IR spectrum of Fe[(PPh2(C6H4CHO)](CO)4 in CH2Cl2 
solution with CO = 1943, 1978, 2052 cm
-1. 
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Reaction of Fe(P2O2)(CO)2 with Ferrocenium Salts.  We attempted to 
remove the CO ligands in Fe(P2O2)(CO)2 by photolysis in MeCN solution.  The 
reaction mixture was examined by IR and 31P NMR spectroscopy.  After 1 h, the 
MeCN solution contained a small amount of starting material with a minor CO 
band in the IR spectrum at 1937 cm-1.  After 5 hours, no CO bands were 
detected in the IR spectrum.  The 31P NMR spectrum showed ~90% conversion 
to free Ph2P(o-C6H4CHO) ( -11).  An alternative method for removal of CO was 
then attempted by addition of (ferrocenium)PF6 (FcPF6). 
 
Scheme 7.5.  Reaction of Fe(P2O2)(CO)2 with FcBF4 
 
 
The oxidations of Fe(P2O2)(CO)2 in CH2Cl2 solution by FcPF6 and by 
FcBF4 were followed by IR spectroscopy (Scheme 7.5).  At room temperature, 
these reactions required ~20 minutes for consumption of the starting dicarbonyl 
complex.  Surprisingly, the reaction required one equiv. of ferrocenium for 
complete conversion of the dicarbonyl precursor, yet the intensities of the CO 
bands of the products were approximately half that of the starting material.  Only 
final product and starting were detected in the CO region of the IR spectrum 
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during the reaction.  The reaction with FcPF6 gave a final product with an IR 
spectrum in CH2Cl2 solution with CO = 2052, 2002 cm
-1
 (Figure 7.3), and the 
reaction with FcBF4 gave a similar IR spectrum with CO = 2053, 2004 cm
-1 
(Figure 7.4).  The IR spectrum of the reaction of Fe(P2O2)(CO)2 with 0.9 equivs. 
of FcBF4 was obtained after 1 h of stirring and still featured ~10% unreacted 
Fe(P2O2)(CO)2.  The overall change for CO in both anions (PF6
- = 27, 37 cm-1; 
BF4
- = 28, 39 cm-1) was smaller than that expected for oxidation from a ferrous 
dicarbonyl to a ferric dicarbonyl.  The FcBF4 reaction was followed by 
1H NMR 
with the use of CH2Ph2 as an internal standard.  Upon completion of the reaction, 
~40% of the intensity of the phenyl H was lost, presumably due to formation of a 
paramagnetic product.  No solids were observed. 
 
Figure 7.3.  CO region of IR spectrum of a solution of Fe(P2O2)(CO)2 + before 
(black), 10 minutes after addition of 1 equiv. FcPF6 (red), and 25 minutes after 
addition (blue). 
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Figure 7.4.  CO region of IR spectrum of Fe(P2O2)(CO)2 + FcBF4 in CH2Cl2 
before FcBF4 addition (black), after 1 h stirring with 0.9 equivs. of FcBF4 (red), 
and 20 minutes after addition of 1 equiv. of FcBF4 (blue). 
 
Single crystals of the diamagnetic product from reaction of Fe(P2O2)(CO)2 
and FcBF4 were obtained and examined by X-ray crystallography.  The product 
contains two molecules of BF3 bound to the alkoxide centers (Figure 7.5.).  The 
coordination at Fe is relatively unchanged.  Changes in ligand bond distance to 
Fe and ligand angles are shown in Table 7.1.  The greatest change is a small 
expansion of the P-Fe-P angle from 167.4o to 171.8o.   
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Figure 7.5.  Molecular structure of Fe(P2O2)(CO)2(BF3)2. The thermal ellipsoids 
are shown at 35% probability probability with Fe, green; P, blue; C, black; O, red. 
B, purple; F, yellow.  Selected Bond Lengths (Å) and Angles (o)  Fe(1)-P(1) 
2.3136(11), Fe(1)-P(2) 2.3119(11), Fe(1)-O(3) 2.011(3), Fe(1)-O(4) 2.016(3), 
Fe(1)-C(1) 1.782(4), Fe(1)-C(2) 1.777(4), C(1)-Fe(1)-C(2) 85.59(18), C(1)-Fe(1)-
O(4) 96.95(15), C(2)-Fe(1)-O(3) 98.20(15), O(3)-Fe(1)-O(4) 80.84(10), P(2)-
Fe(1)-P(1) 171.81(4). 
 
 
Table 7.1.  Change in Fe ligand distances and angles upon BF3 binding. 
 
Bond 
Avg. Change in Bond Distance 
(Å) Upon BF3 Binding 
Bond 
Change in Bond Angle (
o
) 
Upon BF3 Binding 
Fe-CO 0.0155 C-Fe-C -7.05 
Fe-O 0.064 O-Fe-O -4.23 
Fe-P 0.0682 P-Fe-P 4.37 
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We wanted to investigate Fe[P2O2(BF3)2](CO)2  by an independent 
synthesis method.  Indeed, Fe(P2O2)(CO)2 was found to react with 2 equivs. of 
BF3OEt2 in CH2Cl2 (Scheme 7.6).  The IR spectrum of this product matched 
closely (but not exactly) that obtained by reaction with FcBF4.  In this reaction, we 
were able to identify the 1:1 adduct, which was not detected in the 
Fe(P2O2)(CO)2  + FcBF4 reaction.  The 1:1 complex is characterized by CO = 
2048, 1995 cm-1.  The change in CO of 23 and 30 cm
-1
 is just greater than half 
the overall CO change from Fe(P2O2)(CO)2  to Fe[P2O2(BF3)2](CO)2 of 41 and 58 
cm-1 (Figure 7.6.).  The Fe[P2O2(BF3)2](CO)2 complex has an IR spectrum in 
CH2Cl2 with CO = 2066, 2023 cm
-1. 
 
Reaction Scheme 7.6.  Binding of Lewis Acids to Fe(P2O2)(CO)2. 
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Figure 7.6.  CO stretch region of IR spectrum of Fe(P2O2)(CO)2 + BF3 in CH2Cl2 
before BF3 addition (black), immediately after addition of 1 equiv. BF3 (red), and  
after addition of 2 equivs. BF3 (blue). 
  
The generality of the binding of Lewis acids to the alkoxide ligands in 
Fe(P2O2)(CO)2 was tested using TiCl4.  The addition of one equivalent TiCl4 to a 
CH2Cl2 solution of Fe(P2O2)(CO)2 immediately produced a large quantity of 
yellow precipitate.  The solution IR spectrum obtained immediately after the 
addtiion matched the spectrum obtained for the addition of two equivalents of 
BF3 with CO = 2069, 2025 cm
-1 (Figure 7.7).  After stirring 10 minutes, the 
precipitate dissolved and the IR spectrum of the resulting solution mainly 
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featured a single dicarbonyl (CO = 2050, 2000 cm
-1), which we assign to 
Fe[P2O2(TiCl4)](CO)2.  This sample also contained a smaller amount of the 
proposed bis-TiCl4 adduct.  This spectrum remained unchanged over the course 
of 24 h in solution. 
 
Figure 7.7.  CO region of IR spectrum of Fe(P2O2)(CO)2 + TiCl4 in CH2Cl2 before 
addition of the TiCl4 (black), immediately after addition of 1 equiv. of TiCl4 
(accompanied by a large quantity of precipitate, red), and after solution had 
reached equilibrium with no remaining solids (blue).  The latter spectrum was 
shown to remain unchanged 
 
A solution of Fe[P2O2(BF3)2](CO)2 in wet THF decomposed over the 
course of 24 hours  to give a gray precipitate.  The IR spectrum of the filtrate 
showed no bands in the carbonyl region.  The 31P NMR spectrum of this solution 
featured a single peak at  -16.3 (Figure 7.8).  ESI-MS of the solution exhibited 
an intense envelop centered at m/z = 583, which corresponds to HP2(OH)2
+.  
This peak was not detected in pure samples of Fe[P2O2(BF3)3](CO)2.  These 
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experiments indicate that the diphosphine-diol can be removed intact from Fe 
(Scheme 7.7).  After filtration through silica gel, the extract showed no signals in 
the 19F NMR spectrum.  The ligand was found to react with dichloromethane, but 
is stable in ethers. 
 
Scheme 7.7.  Preparation of free P2(OH)2. 
 
 
 
 
 
Figure 7.8.  31P NMR spectrum of isolated P2(OH)2 ( -16.3) with inset spectrum 
of ESI-MS of HP2(OH)2
+. 
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Discussion 
Synthesis of Fe(P2O2)(CO)2.  The addition of 2 equivs. of Ph2P(o-
C6H4CHO) to Fe(0) carbonyls resulted in reductive coupling of the formyl groups 
affording a ferrous dicarbonyl complex of an unusual diphosphine dialkoxide in 
high yield.  The solid state structure showed the tetradentate P2O2 ligand with the 
trans phosphines.  The same coupling reaction had been reported for W12 and 
Tc20 complexes.  The previous reports did not give any detail beyond the 
crystallography.  The discovery of an efficient and inexpensive coupling reaction 
offers the prospect that the coordination chemistry of this novel platform could be 
further developed.   
 The P2O2 ligand formed by our method is superior to the previous 
examples using Tc and W templates in several ways.  One obvious reason is the 
use of cheap Fe starting materials.  The Fe(P2O2)(CO)2 complex is isolated in 
89 % yield based on the phosphine ligand.  In contrast, the Tc complex is 
isolated in 54 % based on phosphine (Tc is the limiting reagent) and the W 
complex requires multiple steps with an overall yield of 6.1 % based on 
phosphine.  The W complex also contains a η1-P bound Ph2P(C6H4CHO) ligand 
that might complicate isolation of metal-free P2(OH)2. 
 Relevant to the mechanism for C-C bond formation, we investingated the 
likely intermediate Fe(PPh2(C6H4CHO).  UV-irradiation appears to induce 
formation of a 1, 2-P,CO complex followed by oxidative addition of the 
aldehyde C-H bond to give an observable but unstable acyl hydride.  This acyl 
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hydride is believe to be a precursor to Fe(P2O2)(CO)2 via the addition of a second 
equivalent of Ph2P(o-C6H4CHO).   
 
Scheme 7.8.  Mechanism for typical pinacol coupling22 
 
The formation of a metal acyl hydride is a different mechanism than 
invoked in typical pinacol coupling reactions in which a one-electron reduction of 
the carbonyl group of an aldehyde gives a ketyl radical anion that couples to 
another ketyl to give the 1,2 diolate.  The other common mechanism involves 
metal insertion into the carbonyl group to form an oxirane that is then susceptible 
to attack by another formyl (Scheme 7.8).  Further evidence for a novel 
mechanism is the reversibility of the pinacol coupling.  We found that irradiation 
of Fe(P2O2)(CO)2 in MeCN resulted in efficient conversion to free 
Ph2P(C6H4CHO).  Reverse pinacol coupling has been reported for 
tetraarylethanediols with weak C-C bonds, but is generally rare.23  The 
isomerization of 1,2 diols has been discussed and one possible pathway involves 
loss of metal hydride from the diolate to form a ketone.24  A possible pathway for 
the C-C bond formation leading to Fe(P2O2)(CO)2 is shown in Scheme 7.9. 
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Scheme 7.9.  Possible routes to form Fe(P2O2)(CO)2. 
 
 
 
Fomation of an Fe-F Complex From BF4
- and PF6
-
 Salts.  We 
discovered the Fe(P2O2)(CO)2 complex reacted with both FcBF4 and FcPF6 to 
give an ~50% conversion.  We attribute our observations to the formation of 
Lewis acid adducts with BF3 and PF5 attached to the alkoxide ligands.  Such 
adducts would be expected to resist oxidation.  The ferrocenium transformations 
require B-F or P-F bond activation to form the Lewis acid that subsequently forms 
adducts of the alkoxide ligand.  In situ 1H NMR showed the signal intensity 
decreases which suggests formation of a paramagnetic complex.  We have not 
yet isolated the other product(s) from these reactions, but we suggest a possible 
route to the Lewis acid complexes also results in the formation of a paramagnetic 
Fe(P2O2)F2 complex (Scheme 7.10).  Only a single example of an Fe-F-
phosphine complex, Fe(CO)2(PMe3)2F2 , has been reported and the supporting 
data were underwhelming.25  There are several examples of crystallographically 
characterized Fe-FBF3 bonds with both mono
26,27 and bis28 BF4 complexation 
reported.  In our case, we propose the B-F bond is broken to give an Fe-F bond 
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and BF3.  The abstraction of fluoride from BF4
- has been reported for 
bis(pyrazolyl)methane complexes of Fe, Co, Ni, Cd, or Mn29 and Zn30  and more 
recently with Schiff base expanded porphyrin complexes of Zn and Cd.31  These 
complexes generally were generated from unsaturated metal centers and were 
isolated as the bimetallic bridging difluoride complexes.  The reverse reaction 
has been reported by Holland et al in which an Fe diketiminate fluoride reacts 
with BF3 to form BF4.
32   
 
Scheme 7.10.  Possible reaction scheme of Fe(P2O2)(CO)2 with FcBF4. 
 
 
Basicity of Fe(II) alkoxides.  The Fe(P2O2)(CO)2 complex can bind one 
or two Lewis acids to the alkoxides with Δ CO of 23, 30 and 18, 28 cm
-1 for the 
first and second BF3 additions respectively.  The small change in CO stretching 
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frequencies suggests the loss in electron density at Fe upon Lewis acid binding 
to the alkoxides is potentially less than a single electron oxidation at the metal.  
For comparison, oxidation of the diiron carbonyl, [Fe(Cp)(CO)(SPh)]2, from 
Fe(II)Fe(II) to Fe(II)Fe(III) gave a Δ CO of 43, 25 cm
-1 and second oxidation to 
Fe(III)Fe(III) resulted in a further Δ CO of 53, 64 cm
-1.33  The solid state structure 
of Fe[P2O2(BF3)3](CO)2 showed there is little change in Fe ligand bond distances 
upon binding of the Lewis acid binding at the alkoxides, although bond angles did 
show a significant change (Table 7.1.).  The Lewis acid adducts from PF5, BF3, 
and TiCl4 showed similar changes in to CO stretching frequency.   
In the reaction of Fe(P2O2)(CO)2 with TiCl4, we were interested in the 
possibility of transmetallation to give Ti(P2O2)Cl2, but no such transmetalation 
occurred.  The immediate precipitate formed in this reaction suggests potential 
formation of small oligomers with Ti-bridged alkoxides, but the precipitate was 
short lived (Scheme 7.11).  The precipitation of small oligomers would also 
explain why the IR spectrum of the solution matches the spectrum of complexes 
with 2 Lewis acids bound to each Fe bis-alkoxide complex when only a single 
equivalent of TiCl4 was added.  After the precipitate dissolved, the IR spectrum 
was typical for a single bound Lewis acid.  The small amount of bis-Lewis acid 
complex that remains could be from TiCl4 connected to multiple alkoxides. 
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Scheme 7.11.  Potential oligomers formed in TiCl4 reaction. 
 
 
Isolation of (±)P2(OH)2.  Treatment of Fe[P2O2(BF3)2](CO)2 complex with 
wet THF liberated the free diphosphine ligand.  The C2 diastereoisomer  is 
isolated with no formation of the meso R,S diastereomer (Scheme 7.12).  The 
R,R- and S,S-P2(OH)2 diastereomers are capable of binding to the metal in the 
tetradentate fashion we demonstrated on Fe.  The R,S ligand would be incapable 
of such coordination with one phosphine pointed away from the metal center.  
We should be able to take advantage of the basicity of the Fe alkoxides and bind 
chiral Lewis acids to separate the R,R and S,S diastereomers. 
 
Scheme 7.12.  Stereochemistry effects on Fe coordination of P2O2. 
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In future studies, it will be fruitful to examine the coordination of the 
bisphosphine diol ligand.  The reaction of Ph2P(o-C6H4CHO) with sources of 
Fe(CO)4
2+ are also promising routes to allow isolation of Fe-acyl complexes.  We 
are also interested in the potential for Fe mediated reverse pinacol coupling 
which might be applicable to biomass degradation or a more general synthetic 
tool.    
 
Experimental 
 General Considerations.  Unless otherwise indicated, reactions were 
conducted using standard Schlenk techniques (N2) at room temperature with 
stirring.  Ph2P(o-C6H4CHO)
34 and Fe(bda)(CO)3
35
 were synthesized according to 
literature preparations.  Fe2(CO)9 (Strem Chemicals), 1 M TiCl4 in CH2Cl2 
(Aldrich), and BF3OEt2 (Aldrich) were used as received. FcPF6 and FcBF4 were 
obtained from Aldrich and recrystallized prior to use. ESI-MS were acquired 
using a Micromass Quattro QHQ quadrupole-hexapole-quadrupole instrument.  
1H and 31P NMR was acquired on Varian UNITY INOVA 500NB and UNITY 500 
NB instruments.  Elemental analyses were performed by the School of Chemical 
Sciences Microanalysis Laboratory utilizing a model CE 440 CHN analyzer. UV 
irradiation wasa performed by a Spectroline model MB 100 which emits a UV 
intensity of 27,000 µW/cm² at 6-inch. 
Fe(P2O2)(CO)2.   A solution of 991.3 mg (3.47 mmol) of Fe(bda)(CO)3 and 
of 2.012 g (6.93 mmol) of Ph2PC6H4CHO in 30 mL of THF was heated to 60 ºC 
for 4 hours in a Schlenk flask fitted with reflux condenser.  The reaction was 
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followed by solution IR spectroscopy.  After 2 hours, the IR signals for the 
Fe(bda)(CO)3 were no longer apparent. A large amount of bright yellow 
precipitate formed.  The volume of the slurry was concentrated to 15 mL under 
reduced pressure and filtered to remove bda.  The solid was washed with 5 mL 
of additional THF.  The solid was washed with 3 X 10 mL of hexanes, and 
sample was left under reduced pressure overnight.  1H NMR analysis confirmed 
the crystalline product contains ½ an equivalent of co-crystallized THF.  The 
crystalline yellow solid was collected in a drybox as the ½ THF complex.  Yield: 
2.26 g (89.4%).  The THF solvate can be removed by dissolving the solid in 
CH2Cl2 followed by removal of solvent under reduced pressure, leavinga yellow 
powder.  Larger scale reactions consistently gave increased yields of product.  
1H NMR (500 MHz, CD2Cl2):  (ppm) 4.49 (s, 2H, OCH), 7.10-7.64 (m, 24 H, 
Phenyl-H), 8.06 (s, 4H, Phenyl-H).  31P NMR (202 MHz, CD2Cl2):  (ppm) 21.2 
(s). IR spectrum (CH2Cl2): CO = 1965, 2025 cm
-1.  Anal. Calcd: theoretical 
(found) for C42H30FeO2P2: C,  (); H,  (); N,  ().%CHN. 
Fe(Ph2P-C6H4CHO)(CO)4.  A solution of 1g (3.44 mmol) of Ph2PC6H4CHO 
in 50 mL of THF was transferred via cannula onto 1.25 g (3.44 mmol) of solid 
Fe2(CO)9.  The mixture was stirred at 23 ºC until all solids dissolved (40 min).  
The reaction solution was examined by 31P NMR spectroscopy to assure all free 
phosphine had reacted.  The solvent and most Fe(CO)5 were removed under 
reduced pressure.  The yellow residue was washed with 2 X 50 mL of hexanes.  
The solid was recrystallized from THF/hexanes, and residual solvent was 
removed under reduced pressure to give a yellow powder.  Yield: 0.768 g (49%).  
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1H NMR (500 MHz, CD2Cl2):  6.80-8.28 (m, 14 H, Phenyl-H), 10.14 (s, CHO).  
31P NMR (202 MHz, CD2Cl2):  68.2 (s). IR spectrum (CH2Cl2): CO = 1943 (br), 
1978 (br), 2052 (sh) cm-1.  CHN 
Detection of Intermediates in Formation of Fe(P2O2)(CO)2.  A solution 
of 9.5 mg (0.02 mmol) of Fe(Ph2P-C6H4CHO)(CO)4 in 0.8 mL of toluene-d8 was 
prepared in a J. Young NMR tube.  The tube was sealed, and 1H and 31P NMR 
spectra were obtained.  The tube was then irradiated, and 1H, 31P, and 31P{1H} 
NMR spectra were collected periodically over the course of 2 hours.  After 2 h, a 
large quantity (see Figure 7.9) of the hydride product was detected with 
Fe(P2O2)(CO)2 also formed, the sealed tube was placed in the dark at 23 ºC.  
After 24 hours, the hydride product was no longer detectable, and the quantity of 
Fe(P2O2)(CO)2 had increased.   
In situ detection of hydride intermediate: 1H NMR (500 MHz, CD2Cl2):  -
7.7 (d, 47.5 Hz, 1 H, Fe-H).  31P{1H} NMR (202 MHz, CD2Cl2):  89.5 (s, P-Fe-H).  
31PNMR (202 MHz, CD2Cl2):  89.5 (d, 47.5 Hz, P-Fe-H). 
In situ detection of 1, 2-P,CO complex : 1H NMR (500 MHz, CD2Cl2):  
5.91 (s 1 H, Fe-(CHO)).  31P NMR (202 MHz, CD2Cl2):  58.2 (s, P-Fe). 
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Figure 7.9.  31P NMR spectrum (top) and 1H NMR spectrum (bottom) of Fe(Ph2P-
C6H4CHO)(CO)4 in toluene-d8 after 2 hours of irradiation  
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Conversion of Fe(P2O2)(CO)2 to Ph2P-C6H4CHO.  A slurry of 65 mg 
(0.094 mmol) of Fe(P2O2)(CO)2 in 9 mL of MeCN was irradiated for 1 hour with 
formation of a gray solid and the IR spectrum of solution was collected.  The 
mixture was irradiated a further 4 hours and the solution IR spectrum contained 
no CO bands.  The mixture was filtered and the 31P NMR spectrum of the filtrate 
was collected.  The spectrum showed ~90 % conversion to free Ph2P-C6H4CHO. 
The leftover gray solid was dissolved in CH2Cl2 and the solution IR spectrum 
contained no CO bands.  The 31P NMR spectrum contained no signals.   
Attempted Oxidation of Fe(P2O2)(CO)2. (FcPF6).  A yellow solution of 54 
mg (0.078 mmol) of Fe(P2O2)(CO)2 in 13 mL of CH2Cl2 under a N2 atmosphere 
was first check by IR spectroscopy.  Solid FcPF6 (26 mg, 0.078 mmol) was 
added to the solution, giving an initially blue colored solution.  An IR spectrum of 
this blue solution was collected after 10 minutes.  The solution was stirred for an 
additional 20 minutes during which a gray precipitate appeared and solution 
became yellow.  An IR spectrum of the yellow supernatant solution had not 
noticeably changed over the course of the hour.  IR spectrum (CH2Cl2): CO = 
2052, 2002 cm-1.  
(FcBF4)  A blue solution of FcBF4 (261.1 mg, 0.957 mmol) in 15 mL of 
CH2Cl2 was stirred and ~90 % of solution was added to a yellow solution of 664 
mg (0.911 mmol) of Fe(P2O2)(CO)2 in 25 mL of CH2Cl2.  An IR spectrum was 
collected immediately and after an hour. The remaining solution of FcBF4 in 
CH2Cl2 was then added, and the mixture was stirred 20 minutes. The IR 
spectrum of this solution showed starting material was consumed.  No precipitate 
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formed.  The solvent was removed under reduced pressure, and the solid was 
washed with hexanes (3 X 20 mL).  The addition of Et2O to the solid gave a 
yellow solution that contained CO bands in the solution IR spectrum.  The solid 
was washed with 100 mL of Et2O and concentrated to give a yellow powder.  IR 
spectrum (CH2Cl2): CO = 2053, 2004 cm
-1.  A concentrated Et2O solution of this 
product was stored at -30 ºC to give crystals of Fe[P2O2(BF3)2](CO)2 suitable for 
X-ray diffraction.  
NMR Tube Reaction of Fe(P2O2)(CO)2 with FcBF4.   A solution of 15.1 
mg (0.0207 mmol) of Fe(P2O2)(CO)2 and of 4.0 mg (0.024 mmol) of CH2Ph2 
(integration standard) in 0.75 mL of CD2Cl2 was prepared in a J. Young tube.  
1H 
and 31P NMR spectra were obtained.  Solid FcBF4 (5.8 mg, 0.0207 mmol) was 
added to the tube in a drybox.  1H and 31P NMR spectra were obtained several 
times over the next hour.  After sitting for several days, a large crystal formed 
and was submitted for analysis by X-ray diffraction.  The analysis confirmed that 
the crystal corresponded to Fe[P2O2(BF3)2](CO)2.  Subsequent studies showed 
that Fe[P2O2(BF3)2](CO)2 crystallizes readily from concentrated CH2Cl2 
solutions. 
Lewis Acid Adducts of Fe(P2O2)(CO)2. BF3 Derivatives.  A solution IR 
spectrum of 563 mg (0.813 mmol) of Fe(P2O2)(CO)2 in 20 mL of CH2Cl2 was 
obtained.  The solution was treated with 0.10 mL (0.813 mmol) of BF3OEt2 added 
dropwise by syringe.  A solution IR spectrum was collected immediately followed 
by addition of a second 0.10 mL (0.813 mmol) aliquot of BF3OEt2.  The IR 
spectrum was obtained immediately, showing a single product with 2 CO bands 
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(2048, 1995 cm-1).  The solvent was removed under reduced pressure, and the 
yellow powder was recrystallized from CH2Cl2/hexanes.  Residual solvent was 
removed under reduced pressure overnight.  The product was obtained as a 
microcrystalline yellow solid of Fe(P2O2(BF3)2)(CO)2.  Yield: 673 mg (95%).  IR 
spectrum (CH2Cl2): CO = Fe(P2O2(BF3))(CO)2: 2066, 2023 cm
-1.  19F NMR (XX 
MHz, THF):  -145 s.  31P NMR (202 MHz, THF):  31.9 s. 
TiCl4 Adducts.  A solution IR spectrum of 100 mg (0.137 mmol) of 
Fe(P2O2)(CO)2 in 30 mL of CH2Cl2 was obtained.  A 1M solution of TiCl4 in 
CH2Cl2 (0.15 mL, 0.148 mmol) was added dropwise, giving a yellow precipitate.  
An IR spectrum of the yellow solution was obtained (CO = immediate: 2068, 
2025 cm-1).  Upon stirring 10 minutes, the solids dissolved to give a 
homogeneous solution (CO = 2050, 2000 cm
-1).  The solution IR was obtained.  
The solution was allowed to stir at 23 ºC over 24 h with no noticeable change in 
the solution IR spectrum.     
d,l-[Ph2PC6H4CH(OH)]2.  A solution of 206.7 mg (0.25 mmol) of 
Fe[P2O2(BF3)2](CO)2 in 20 mL of degassed wet (0.004% H2O) THF was stirred 
for 24 hours giving a gray precipitate.  The IR spectrum of the supernatant 
showed no CO bands.  31P NMR spectrum of the solution contained a singlet at -
16.3 ppm.  The 19F NMR spectrum had broad signals.  The solids were removed 
by filtration, and the solvent was removed from the filtrate under reduced 
pressure.  The residue was stirred with 50 mL of Et2O for 1 h and filtered through 
a short plug of silica gel in a dry box.  The solvent was removed under reduced 
pressure to give a light yellow powder.  Yield: 40 mg (27.5 %).  31P NMR (202 
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MHz, THF):  (ppm) -16.3 s.  ESI-MS m/z = + 583.3, (Ph2P-
C6H4CH(OH)CH(OH)C6H4-PHPh2)]
+).  Anal. Calcd: theoretical (found) for 
C38H32O2P2: C, 78.34 (77.84); H, 5.54 (5.19); N, 0.00 (0.37). 
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